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ABSTRACT

•, The objectives were to: (1) determine safe delivery raxnges for surface ships from the
, standpoint of hull deflections; (2) determine the~ lethal ranges for merchant ships from the

standpoint of hull deflections; and (3) obtain basic information on hull response to provide
check points for model tests and for high-explosive tapered-charge tests.

The project participated in two underwater nuclear tests: Shots Wahoo and Umbrella.
Gages and recording centers wore installed in the DD-474, DD-592, DD-593, EC-2,

and (for Shot Wahoo only) a barge (YC) to document the basic hull response of these sur-
face ships. The gage choice and layout on the target ships were governed by a determina-

S tion to measure velocities, displacements, deflections, pressures, strains, rulling, and
Spitching. The total number of gages employed on all ships was about 170. The system

S used for recording the gage readings placed primary reliance on magnetic-tape recordings
Swith a frequency-response flat up to 10 kc./

S Measurements were obtained on the EC-2 and DD-593 during Shot Wahoo and on the EC-2
S and all three DD's during Shot Umbrella. Failures of the command-timing signal system
Sled to a complete loss of data on DD-474 and DD-592 during Shot Wahoo. A hull-damage

survey of the EC-2 and the DD's was conducted after each shot. The test results secured
* both from the instrumentation effort and the hull-damage survey are presented..

* The basic hull loading and response, together with their relation to free-wat• pres-
- sures, are described for each of the target ships. The hull damage measured in t~he EC-2

after each test was nearly identical. Hull damage was slight; the only significant hull de--'
formation was found in the attacked side where side-frame deformation amounted to about
1 inch, and hull plating deformation to about 1 inch. No hull damage definitely attributable
to the tests was observed on the DD's.

The following conclusions refer to underwater nuclear bursts and are specifically con-
cerned with Wahoo and Umbrella conditions. The terms "'Wahoo conditions" and "Umbrella
conditions" include yield, shot geometries, bottom reflections, thermal-gradient charac-
terstcs'•.,, and target ship types.

From the standpoint of hull damage, the following safe delivery ranges for destroyers
have been demonstrated: 2,900 feet under Wahoo conditions and 1,900 feet under Umbrella
conditions. Minimum safe delivery ranges, from the standpoint of hull damage alone, are
controlled by the direct shock wave alone under Wahoo and Umbrella conditions and are
estimated to be 2,400 feet under Wahoo conditions and 1,70O, feet under Umbrella conditions.
For these estimates, hull deformation comparable in its operational significance to that
sustained by the EO-2 is considered to be the maximum amount that can be called safe.

The lethal ranges for the EC-2 from the standpoint of hull damage are controlled by the
direct shock wave under Wahoo and Umbrella conditions and may be estimated by use of
the energy-density rule. The assumption that a 1.5-foot deformation of the attacked side
frames represents lethal damage leads to the estimate that under both Wahoo and Umbrella
conditions a horizontal range Af 1,100 to 1,200 feet, or less, is lethal.

Checkpoints for small-scale Underwater Explosions Research Division (UEI-D) model
experimenti, were obtained from both Shots Wahoo and Umbrella. However, no direct cor-
relation with the UERD full-scale high-explosive tapered-charge tests (Project 3.1, Oper-
ation Hardtack) is possible because of the loss of data on the DD-592 during Shot Wahoo.

5
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Basic information cf hull response as related to free-field pressures and loading mea-

surements was obtained, which is expected to prove valuable in extrapolating the results
of Wahoo and Umbrella to other conditions.

6
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FOREWORD

This report presents the final results of one of the projects participating in the miiitary-

effect programs of Operation Hardtack. Overali infC.rmation about this and the other

military-effect projects can be obtained from ITR-1660, the "Summary Report of the
Commander, Task Unit 3. " This technical summary includes: (1) tables listing each
detonation with its yield, type, environment, meteorological conditions, etc.; (2) maps

showing shot locations; (3) discussions of results by programs; (4) summaries of objec-

tives, procedures, results, etc., for all projects; and (5) a listingof project reports for
the military-effect programs.

PREFACE

The Underwater Explosions Research Division (UERD), Norfolk Naval Shipyard, assisted
in the planning phases of Shots Wahoo and Umbrella. While the planning of such a large

undertaking involved many individuals from many organizations, it is particularly pleasant
to acknowledge the valuable contributions made to overall Wahoo planning by Dr. A. H. Keil,
who at the time was Chief Scientist of UERD.

Project 3.4 could hardly have been carried out without the assistance of an enthusiastic
team formed from personnel of the UERD. In the preparations for participation in Opera-

tion Hardtack, Mr. J. F. Shepherd and Mr. R. R. Walker made outstanding contributions
to the success of the undertaking. After completion of the tests, the data reduction was

expedited considerably by the interest of Mr. R. R. Walker who designed ingenious elec-
tronic devices to take advantage of the magnetic-tape recording system.

During the analysis phase of the project, several UERD personnel outside the immediate
project team participated. The author is particularly appreciative of the valuable services
rendered by Mr. R.M. Santamaria.

Special appreciation is expressed to the Naval Ordnance Laboratory Project 1.1 team;

the Project 1.1 results were made available to UERD in advance of publication, and this
facilitated immeasurably the task of analyzing Project 3.4 data.
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Chapter 1

INTRODUCTION

1.1 OBJECTIVES

The general tactical needs of the Navy underlying the underwater nuclear test nhase of
Operation Hardtack are to know the safe del -very range for surface-ship delivery of an
underwater nuclear weapon, and to know the lethal range for merchant ships attacked by
an underwater nuclear weapon. Operation Hardtack, in itself, was expected to satisfy
these needs under two specific conditions. To be in a position to extrapolate the results
obtained from Hardtack to any given tactical situation, it was necessary that the many
complex phenomena occurring during the underwater tests be thoroughly documented. The
measurements constituting this documentation are essential to an understanding of the
events, which is a prerequisite to good weapon-effect predictions.

From the point of view of Program 3, whose primary interest is in the structural me-
chanical effects of nuclear bursts, the gding aims in planning the tests were to: (1) doc-
ument the free-field pressures, the loading histories (at the hulls), the target response
histories, the equipment response histories, and the final hull and equipment damage;
(2) provide checkpoints for model tests; and (3) provide checkpoints for tapered-charge
full-scale tests. The second aim envisions the application of a relatively inexpensive
experimental tool, i. e., model tests, to the prediction of basic response histories and
gross hull damage. The third aim opens the door to the application of the tapered-charge
technique in deriving statistical rules relating target response histories to equipment
damage.

The special interest of Project 3.4 was primarily in the hull deformation and the basic

target response of the surface ships. The specific objectives were to: (1) determine the
safe range for surface ship delivery of an underwater nuclear weapon, from the standpoint
of hull deflection; (2) determine the lethal range for merchant ships attacked by an under-
water nuclear weapon, from the standpoint of hull deflection, and (3) obtain basic infor-
mation on hull response as related to free-field pressures and loading measurements, so
as to provide checkpoints for model experiments and for full-scale tests using high-
explosive (HE) tapered charges.

1.2 BACKGROUND

To make weapon-effect predictions for surface ships under general conditions.
it is necessary to understand the entire range of transition from the production
of free-field pressures in the water through to the final hull and equipment damage
within the ship. This range can be broken into the following phases: (1) the
generation of free-field pressures; (2) the relation between the free-field pressures
and both the loading at the hull and the initial bull response (the interaction problem);
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(3) thu transnission of the initial hull motions to the remainder of the !ship (Q th shock
pattern throughout the ship); (4) the relation between the initial hull motion IthUIl response)
and the type and amount of damage produced in the ship's hull (hull damage); and (5) the
relation between the magnitude of shock level that is observed in the shock pattern through-
out the ship and the resulting equipment damage (shock damage).

Generally speaking, Phases 1, 2, and 3 are basic investigations relating the response
to the loading and the free-field pressures, while Phases 4 and 5 concern the mechanical
damage to the ship and the equipment and aim at establishing scales, or rules, relating
the initial hull response to degrees of damage to the ship and the equipment aboard as well
as degrees of inoperability. It is therefore obvious that, with respect to the general Navy
objectives, the hull-response study(Project 3.4) cannot basically be separated from either
the free-field pressure study (Projects 1.1 and 1.5) or from the equipment-shock study
(Projects 3.3 and 3.8).

Little or no theoretical knowledge is at hand that will enable reliable predictions to be
made of the effect of underwater nuclear bursts on surface ships, nor are the phenomena
well enough understood to allow specific test results to be extrapolated with confidence to
the general tactical situation. It is true that some theoretical knowledge (References 1
and 2) is available for the prediction of pressure histories at a point near the water sur-
face in the case of the direct shock wave from an underwater explosion in deep water. It
is also true that there remain situations for which this is not easy (Reference 3).

Moreover, even though the direct shock wave throughout much of the range of practiual
interest may be reasonably well predicted in deep water, the formation and subsequent
closure of a cavitated surface layer (Reference 4) is at present not well understood. The
pressure loading resulting from this closure cannot definitely be ruled out as of secondary
importance in controlling the safe delivery range for surface ships under all conditions.
Then, too, in many practical operational situations where the water depth is likely to range
between, say, 500 to 5,000 feet (that is, the water depth is likely to be neither shallow nor
deep) it would appear to be quite possible that the bottom reflections cause a shock response
in the ship as severe or more severe than the shock response arising from the direct wave
(Reference 5). Methods of predicting the characteristics of bottom-reflected waves have
not been adequately formulated. In addition, a complicated interplay between the cavitation
caused near the water surface by the direct shock wave and the bottom reflection will exist;
it may even be that the bulk cavitation will, under certain conditions, screen out the bottom-
reflected wave. Entirely aside from this, there is also a good likelihood that the bottom-
reflected wave will itself give rise to bulk cavitation near the water surface. The difficulties
in predicting pressures near the water surface when the burst occurs in deep water are
compounded when the burst takes place in shallow water.

In any event, even if the pressures in the water about the ship are known, no reliable
theoretical means exist by which the loading pressures at the hull or the initial velocity
motions in the hull of the ship may be predicted. Attempts to do this on the basis of study-
ing the theoretical response of a thin-plane, infinite and flexible plate to an acoustic pres-
sure wave (the Taylor theory) are meaningful for a narrow range of special conditions, for
a very short time, but are hardly reliable for the general situation of a nuclear explosion
(Reference 6) of practical interest. Finally, even if the initial motions of the ship's hull
were known, it is hardly possible on theoretical grounds alone, to predict (for nuclear
explosion) either the shock pattern throughout the ship or the final significance of these
shock motions for hull damage and equipment damage.

The lack of firm theoretical concepts concerning the generation of damage in surface
ships by nuclear underwater bursts makes it imperative that basic information be obtained
on hull response as related to free-field pressures and loading measurements. 'this
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requires an extensive instrumentation of the target ships as well as measurements of the

free-water pressures.
Relatively little experimental data is at present available on the hull and equipment

shock-damage effects of underwater nuclear weapons against surface ships. Only two
underwater nuclear tests involving surface ships had been conducted by this country: Oper-
ation Crossroads (Shot Baker) and Operation Wigwam. Neither of these tests produced
data that can be reliably generalized to answer the general tactical problem. Shot Baker
involved very special conditions, and neither the underwater phenomena nor the ship re-
sponses were extensively recorded. During Operation Wigwam, surface-ship targets were
limited to support barges, and the shock motions recorded on these barges cannot be reli-
ably interpreted in terms of damage to larger ships with Navy installed equipment.

Another source of information is provided by tests on small-scale models. The most
extensive series of instrumented-model tests were carried out during the period, 1955 to
1957, at Underwater Explosions Research Division (UERD) employing rather realistically
scaled models of a C-2 merchant ship (Reference 6) and a cruiser (Reference 7), the fori-
er on /35 scale and the latter on 1/22 scale. These models were, for the most part, tested
at full draft under side-attack. However, a few tests were conducted with C-2 models at
full draft attacked end-on, and at half-draft attacked side-on (Reference 8). The model
tests carried out at UERD covered a great variety of charge weights and attack geometries
and are, thus, expected to provide an extremely valuable means of extrapolating the results
of full-scale tests, e. g., Hardtack, to other tactical situations. Moreover, since the model
tests yielded a direct comparison of the response of two quite different types of ships (C-2
and cruiser), they are expected to provide valuable clues in extrapolating the results of
Operation Hardtack to other types of surface ships.

An experimental tool (developed by UERD) is available to investigate the effects of the
direct pressure wave resulting from a side-on nuclear attack against a full-scale surface
ship without the actual use of a nuclear explosion. This is the tapered-charge technique
investigated by Hardtack Project 3.1, which offers a method of establishing statistical rules
relating the initial hull motions to the final equipment damage. The validity of this tech-
nique for certain phases of the response has already been suggested by model tests (Refer-
ence 9). it was expected that Project 3.1 would yield a full-scale demonstration of the

application of the tapered-charge tool to a destroyer.
The Navy underwater nuclear-test phase of Operation Hardtack consisted of two shots

designed to meet the objectives under two specific and distinct conditions: Shot Umbrella
was to be in shallow (coastal) water, whereas Wahoo was to be in relatively deep water.
In both tests it was understood that a nuclear device of 10 kt (* 20 percent) yield would be
fired. Wahoo was to be fired at a depth of 500 feet (+ 10 percent) in water about 3,000
feet deep, above a sloping bottom at a site southwest of the Eniwetok Atoll (Figure 1.1).
Umbrella was to be fired at a depth of approximately 150 feet (± 10 percent) with the device
on the water bottom (a reasonably level one) at a site in the southwest portion of the Eni-

wetok Lagoon (Figure 1.1).
Surface ships were to be present in both tests. The major surface ship targets were

three destroyers drawn from reserve status (DD-474, DD-592, and DD-593) and one
merchant ship (SS Michael Moran, an EC-2-S-Class design). The placement of the target
ships was planned with the test conditions in mind. The ships of direct interest to Project
3.4 in the Wahoo and Umbrella arrays are indicated in Table 1.1 : this list includes one of
the barges (YC-1) used in the Wahoo array. All planned target standoffs are given in Table
1.1 with reference to the midpoints of the ships. Indicated also in Table 1.1 are recommend-
ed tolerances in target standoff and orientation that it was hoped would be met in the final
Ii *' 'rn-t I ,' c- ,t.-'
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The Wahoo and Umbrella test plans were -made to help achieve the general Navy needs. The
primary role of the destroyers was, of course, to help in satisfying the tactical need to know
the safe-delivery range for destroyers delivering an underwater nuclear weapon. The DD's
were therefore placed in positions where it was expected they would sustain light to moderate
shock damage.

The EC-2 was to be used, in conjunction with the UERD model tests, to assist in satisfying
the need .o know the lethal range for merchant ships attacked by an underwater nuclear weapon.
It was, therefore, to be placed side-on in a position to sustain moderate hull damage. The role
of the YC-1. aside from the mooring requirements, was to yield further information on the
effects of bulk cavitation.

One special feature of the array plans deserves emphasis. It was planned to attack DD-592
side-on. This same destroyer was previously attacked side-on with tapered charges during
Project 3.1 under conditions of similar shock level. Thus, the completion of Operation Hard-
tack was expected to yield a final demonstration of the validity of the tapered-charge technique.
A direct comparison was to be possible between the response of a full-scale ship to side-on
nuclear attack and that of the same ship to side-on HE tapered-charge attack.

1.3 SCOPE OF REPORT

The instrumentation results obtained by Project 3.4 from participation in Wahoo and Umbrella
are presented. The test results are analyzed and discussed, particularly insofar as they pertain
to Phases 2, 3, and 4 of the overall range of phenomena discussed in Section 1.2. Attention is
confined to the two underwater nuclear tests of Operation Hardtack.

TABLE 1.1 PLANNED PLACEMENT OF TARGET SHIPS INSTRUMENTED BY PROJECT 3.4

Horizontal Distance Direction (Relative)
Shot Target from Surface Zero Orientation Prevailing Wind'

feet

Wahoo DD-474 3,000 + 300 Stern end-on (-* 15) down
- 100

DD-592 5,000 + 400 Stbd side-on (4 156) down

DD-593 9,000 * 500 Stern end-on (a 15') down

EC-2 2,300 + 200 Stbd side-on - Y5V) up (approximate)
- 100

YC-1 3,500 + 500 Immaterial up (approximate)
- 300

Umbrella DD-474 2,000 + 200 Stern end-on (a- 15') down
- 100

DD-592 3,000 a 300 Stbd side-on (i 15') down

DD-593 8,000 a 500 Stern end-on (a 15') down

EC-2 1,600 * 200 Port side-on €a 15i) cross
- 100

• From surface zero.
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Chapter 2

PROCEDURE

2.1 OPERATIONS

General test preparations of interest to UERD were made at Long Beach Naval Shipyard
(LBNS) and Pearl Harbor Naval Shipyard (PHNS). An inspection of the major target ships
(including audigage measurements of the shell plating) indicated that their hulls were in
good condition. The major target ships-three DD's and one EC-2 (Section 1.2)-were
instrumented at LBNS, while the YC 1 (Hull YC-1413) was readied at PHNS. Following

a UERD proposal, a special ballasting arrangement for the EC-2 had been planned under
BUSHIPS auspices; the purpose of this arrangement was to help insure that the EC-2 re-

mained afloat after sustaining hull damage from Shot Wahoo. This ballasting plan was
implemented at LBNS in accordance with the scheme indicated in Figure 2.1.

Most of the special preparations for the tests required by Project 3.4 were completed
before departure of the target ships for the Eniwetok Proving Ground (EPG). Five 60 kva
diesel-engine generators were installed at LBNS on the major target ships in order to
supply power for UERD equipment: one each in the three DD's (captain's stateroom) and
two in the EC-2 (in a main deck space just to the port of the Project 3.4 instrument room
recording center). The diesel generators were installed on wooden planks to protect the
generators from damage due to the shock motions arising in the tests.

Air conditioning and humidity control equipment were installed at LBNS in the instrumen-
tation spaces on the DD's and EC-2. This equipment was capable of maintaining the tem-
perature at not over 90°, and relative humidity at about 50 percent. Cameras, with special
mounts, were provided by Edgerton, Germeshausen, and Grier, Inc. (FG&G) and installed
in the EC-2 at LBNS. The gage foundations and recording equipment, together with the
connecting instrumentation cables, were installed in the DD's and EC-2 at LBNS. The re-
cording equipment was installed on a specially designed shock-mounted platform within the
instrument recording centers on the DD's and on the EC-2.

Preparations for a careful hull-damage survey of the EC-2 were also carried out at
LBNS; punch marks and other reference points were made with the help of a surveyor's
transit. The special preparations for the YC-1 were made at PHNS; storage batteries,
motor generators, gage foundations, etc., were installed. Laboratory facilities were pro-
vided in a UERD trailer that was shipped to EPG.

Certain special tasks remained to be performed at EPG. Gages interiol to the ships
were installed; the final hookup of the gages and recording equipment was completed. The
pressure gages and their cables were secured to the outer hull surfaces of the three DD's

and the EC-2. The instrument recording facilities on YC- 1, within the interior compart-
ment just forward of the centerline, were completed. The laboratory trailer was set up
on Parry Island. Checkouts of the equipment were accomplished on the target ships (both
in the lagoon and at the Wahoo array) by project personnel. At the time of evacuation of the
target ships, just before Shot Wahoo, the generators were left running, the air condition-
ers left on, all relays energized from batteries, and equipment wat left ready to accept

the timing signals from EG&G.
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The activity betwcen tests involved the following steps. The EC-2 was towed to the
lagoon after Shot Wahoo. Because of the susceptibility of photographic film to damage
from radiation, the films in the EG&G motion-picture cameras were removed from the
EC-2 at the earliest practical time. In addition, the project records were removed as
soon as reentry to the target ships was permitted. As soon after Shot Wahoo as possible,
the project carried out detailed damage measurements on the hull of the EC-2 ; these were
made with a surveyor's transit in sufficient detail to yield actual damage contours of the
ship's hull. As soon as the target ships were reasonably free from radiological contami-
nation, instrumentation engineers boarded the target ships, conducted a detailed inspection,
and prepared a damage report on the instrumentation installations. Technical photographs
of gages, instruments, and hull damage aboard the target ships were made as required.
Data obtained on magnetic tape wa3 played back within the UERD laboratory trailer, and
data reduction was carried out to an extent sufficient to carry out a preliminary analysis.
Equipment aboard the YC-1 was salvaged. Repair- to damaged equipment were effected
and preparations made for participation in Shot Umbrella.

The windup phase of the operation took place after completion of Shot Umbrella. Data
was secured after the teot in a manner similar to that after Shot Wahoo. Playback again
took place in the UERD laboratory trailer, and a preliminary analysis of the Umbrella
test results was made. Arrangements were made for shipment of all shore-based equip-
ment back to UERD. All equipment aboard the DD-474, DD-592, and DD-593 was left
installed until these ships returned to the United States. Arrangements were made with
LBNS for removal of this equipment and subsequent shipment to UERD, Norfolk Naval
Shipyard (NNSY). Equipment aboard the EC-2 was salvaged at EPG and shipped back to
UERD. Data reduction and analysis were completed after return to UERD.

2.2 INSTRUMENTATION

2.2.1 Preliminary Remarks. The YC-1 was instrumented in a sufficiently simple
manner as to warrant only a cursory discussion. The basic idea was to install on YC-1,
in the interior compartment just forward of the centerline, a few (6) velocity meters and
to measure the vertical bodily motion of the YC-1 by recording directly (i.e., without
amplification) on a visicorder (utilizing radiation-insensitive paper). The exact location
of the meters, as well as other detailed information, has no significance inasmuch as no
results were secured on the YC-1.

On the three destroyers, instrumentation was essentially similar though not identical.
The largest difference was on DD-593, where gages had been installed in a similar fashion

to that on the other DD's but were not actually all recorded: this was done to allow for the
possibility that the relative positions of the DD's would be changed in the Umbrella array
-an eventuality that did not arise. There was no great difference in the instrumentation
of the target ships in Shots Wahoo or Umbrella.

Previous experience had shown the value of measuring as much of the pertinent phenome-
nology of the test event as was feasible, without imposing artificial limitations based on
prevailing theories or on current notions of what had practical significance and what did
riot. In particular, it was deemed desirable to measure the target-ship response through-
out its complete history, Lo measure this response with high-fidelity equipment, and to
measure the individual phases of the response at all representative locations on the ships.
At the same time, every attempt was made to increase the safety margin to insure that
results would actually be obtained under ield uunditions; therefore, different types of gages
and recordings were used to duplicate the most vital measurements.

It was planned to measure: loading pressures and velocities at the hulls, bodily velocities
and displacements (both horizontal and vertical) of the ship as o whole, hull deflections
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and strains (in the case of the EC-2), and flexural strains (in the case of the DD'r). A

photographic effort was to be made (contracted to EG&G) to record with high-speed motion-
picture cameras the hull and bulkhead deflections within the EC-2 and to record with motion
picture cameras stationed on shore, the bocily motion of the EC-2. In addition, a few free-

water pressure measurements were made at shallow depths in order to supplement Project
1.1 measurements.

2.2.2 Gages Employed. The gages were basically of the same types that have previously
been successfully employed by UERD in the field (Reference 10). In some cases modifi-

cations have been made which will be briefly indicated.
The pressure gage was of the piezoelectric (PE) type, wherein an electrical charge is

produced on the faces of a crystal proportional to the applied pressure. The particular
gages used had tourmaline as the sensitive element and had a gage factor of about 25 micro
micro coulombs per pound per square inch (ag c/ psi). Since the diameter of the gage was
about 'A inch, the transit time of an acoustic signall across the gage w.as. less than 20 pae

The time constant of the input circuit was on the order of 100 msec.
Each velocity meter (VM) consisted of a bar magnet seismically mounted within a coil

of wire wrapped about a plastic core. Whenever the core was moved relative to the mag-
net the voltage induced in the coil would be proportional to the relative velocity of the mo-

tion, within a certain relative displacement range, called the linear range of the meter.
In view of the seismic suspension, the VM could be conveniently used to measure absolute

velocities.
Two types of VM were used to measure vertical velocities. These differed primarily

in their mechanical characteristics- One was a small meter with a core length of 13.5
inches, a coil length of 5 inches, and a core diameter of % inch. It had a linear range of
about 2 inches and a suspension system natural period of about 200 msec. Stops were In-
corporated to prevent the magnet's exceeding the linear range of the meter. The high-

frequency response of this velocity meter was primarily limited by its mechanical charac-
teristics; it is estimated that this meter was capable of following changes in velocity having
"a duration as small as, say, 0.5 msec. The other type of velocity meter was larger, with

"a core length of 17 inches, a coil length of 15 inches, and a core diameter of 2/4 inches.
It had a linear range of about 6 inches and a suspension system with a natural period of
about 1/. second. This meter was not provided with stops. It was estimated to be capable
of recording changes in velocity occurring over about 1.0 msec.

The velocity meter used to record horizontal velocities was essentially identical to the

small vertical velocity meter except that its core diameter was 2q/4 inches. The suspension
system attachment for the magnet was, of course, designed somewhat diherently; howevar.
the resulting natural frequency was similar to that of the small vertical meter.

The natural frequencies of the velocity mete- suspension systems were measured for
nearly every gage. The results are listed in Table 2.1. The natural vibrations of the mag-
net mass and coil spring system are so slightly damped that this feature has no practicle
significance for velocity meters.

The mechanical deflection (MD) gage consisted essentially of resistance wire wound on
a rod and a sliding contact on the wire. Whenever the rod was moved with respect to the
contact, the change in resistance to one end of the wire would be directly proportional to
the deflection. Ordinarily, the sliding contact was rigidly attached to some structure.

Displacement gages, or seismic deflection (SD) gages were essentially deflection gages

with the sliding contact attached to a seismically suspended mass. The natural frequency
of the suspension was less than 2 cps. Whereas the deflection g;age measured relative

deflections, the displacement gage measured absolute displacements.
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The natural vibration characteri--ius of the displaccment gage suspension systems were

measured tor individual gages, and the rcsults are listed in Table 2.2. The damping refers

to an equivalent viscois damping defined by, 2 f log A1 /A 2 , where f is the natural frequency

and A1 and A2 are successive amplitudes spaced one period apart.

The strain gages (ST) were standard, commercial, resistance-wire strain gages (SR-4)

and changes in length were measured by changes in resistance. These gages were bonded

directly to the surface under test and had an active gage length of 6 inches.

The roll C-) and pit.oh (P) indicators are identical, differing only in orientation. The in-

dicator consisted of a rigidly mounted potentiometer with a pendulum attached to its shaft.

Changes in angle were registered as changes in resistance. The gage natural frequency

was on the order of 1 cps.
The came:as employed to record hull damage development within Hold 3 of the EC-2

were Fairchild HS-100 movie cameras (13-mm lens, 16-mm film). They were shock

mounted (for protection against shock damage), shielded by lead (for protection of the film

against radiation), and enclosed in a waterproof case (for protection against flooding of the

hold). Lighting was provided by phctoflood lamps, powered by batteries.

2.2.3 Gage Locatious. The locations of UERD gages on the destroyers are shown sche-

matically in Figure 2.2 and in cross-sectional views in Figures 2.3 through 2.8. In paren-

theses after some of the gages shown in these figures is indicated the particular DD for

which the location was applicable; an unmarked gage indicates that the location was applicable

to all three DD's. With two exceptions, these locations were identical for Shots Wahoo and

Umbrella. These exceptions are also indicated in parentheses after the gages shown in the

figures. Not all gages shown in these figures were actually recorded on all DD's. More

detailed information is given in Tables 2.3 through 2.5: this information is limited to gages

that were actually recorded.
The locations of the UERD gages on the EC-2 are shown schematically in Figure 2.9, in

a plan view in Figure 2.10, and in cross-sectional views of Figures 2.11 and 2.12. The

symbols in parentheses have the same meaning as for the destroyers. Further detailed

information is given in Table 2.6.
The high-speed motion-picture cameras installed by EG&G in Hold 3 of the EC-2 were

located as shown in Figure 2.13. Also indicated roughly are the fields of view of these

cameras.
Photographs of typical gage installations are given in Figures 2.14 through 2.20.

2.2.4 Recording Concepts and Equipment. The primary recording medium was magnetic

tape. This choice was made in order to provide protection for the records against radiation.

A limited number of string-oscillograph channels were recorded by means of photographic

paper on each ship; the paper used was rather radiation insensitive. The cameras on the
EC-2,of course, employed photographic film.

Two types of tape-recording equipment were used: Ampex FR-114 and S-3041. Eight

recorders of each type were employed for recording use on the target ships.
The FR-114 equipment recorded 14 channels on tape 1 inch wide. The principles of

frequcncy modulation were used to attain a low-frequency response to direct current. With

a tape speed of 60 in/see, a frequency response flat (within '/2 decibel) up to 10 kc was

obtained. The equipment required a signal input of about 1.4 volts to achieve 40-percent

deviation of the 54-ke carrier frequency.

The S-3041 equipment recorded seven independent data tracks on tape '/' inch wide. The
only tape speed available on this equipment was 30 in/sec. Two slightly different concepts

were used for recording the data on S-3041 equipment. Some of the tracks on each recorder

employed the same wide-bank FM recording techniques previously described, with only one
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gage being recorded by each track. However, because the slower tape speed, the carrier
frequency used was 27 kc, and the maximum frequency response expected was about 3 kc.
Other tracks on each recorder were multiplexed to the extent that each track served to re-

cord data from two sources having more limited requirements as to frequency response.
The method for multiplexing these signals was that commonly used in telemetering systems.
Each signal source frequency modulated an individual oscillator. Two (or more) of tie
oscillator outputs could then be mixed and recorded on the same tape track, provided that
the carrier and side bands from each oscillator were frequencies that would not interfere
with those of the other oscillators. By playing the recorded data back through appropriate
filters and discriminators, the original information could be separated and recovered.

Multiplexing use was minimized, because this technique has several disadvantages. The
frequency response of each multiplexed channel was less than that of the wide-band channels,
since the available frequency spectrum, in this case, had to contain two or more data chan-
nets without overlap or interference. For the same reason, the maxiimum dervintion of each
carrier was only 71/% percent (or 15 percent, depending on the specific carrier frequency
involved); therefore, the noise due to flutter was more significant. Intermodulation between
oscillators made an additional contribution to the overall noise of the system. The combi-
nation of these factors resulted in the signal-to-noise ratio of the multiplexed channels being
considerably poorer than that of the wide-band channels.

The string oscillographs were 906 visicorders, manufactured by Minneapolis-Honeywell
Corporation. This equipment was capable of recording six channels of data on specially
sensitized paper 6 inches wide. The maximum paper speed was 50 in/see. The strings
nronuipd .1 frequency response flat to about 1,000 cps.

The recordings obtained on the visicorders installed on the major target ships were, in
many cases, duplicates of those tape-recording channels that were selected as the most
significant measurements. This multiple recording provided greater insurance for success
in the event of equipment failure and also provided data quickly for the preliminary evalu-
ation of the test results.

The recording medium of the cameras in Hold 3 of the EC-2 was 16-mm plus X photo-
graphic film (black and white). The film was run through the cameras at approximately
500 frames/sec.

2.2.5 Protection and Distribution of the Rucurding Equipment. The UERD recording
center in each of the major ships was located as shown in Figures 2.2 and 2.9. The record-
ing center for YC-1 was the interior compartment just forward of the centerline. Since no
measurements were secured on YC-1, this barge will not be discussed.

All equipment on the major target ships was mounted on a specially designed shock-
mounted table. This shock mount essentially consisted of a paired (top and bottom) system
of air-ride springs stablized horizontally by steel springs. The system used on the DD's
is shown in Figure 2.21; that for the EC-2 shown in Figure 2.22.

The vertical system used on the DD's consisted of eight air-ride (Firestone AY-28)
springs supporting a total weight of about 5,500 pounds (platform plus equipment). The air
overpressure in the lower springs was 29 psi while that in the upper springs was 11 psi;
under these conditions, the springs suppurLed the weight at their midpositions and were
capable of undergoing a displacement of :k 4.5 inches. The natural frequency of small verti-
cal vibrations was approximately 3 cps.

The horizontal system used on the DD's consisted of eight steel coil springs (4.8-inch-
diameter coils of 1.19-inch-diameter wire) each with a spring constant of 4,200 lb/in., four
of these formed an athwartships system and four a longitudinal system. These springs were
prestretched 1.25 inches and had a natural frequency of about 5.5 cps in each direction.
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The system used on the EC-2 was similar. However, the total weight was nearly twice

as great, and expected displacements were greater. The number of air-ride springs were

doubled in series to allow for greater displacement. For Shot Wahoo, the air overpressure
in the upper springs was 37 psi while that in the lower springs was 60 psi; for Shot Umbrella
the corresponding pressures were about 52 and 75 psi. The allowable vertical displacement

was about = 9 inches while the natural frequency was about 3 cps for Shot Wahoo and slightly
higher for Shot Umbrceia. The steel springs were doubled in parallel, and the transverse
(or longitudinal) natural frequency was about 5.5 eps.

The rooms on the major target ships that housed the recording centers were air condi-

tioned and dehumidified in order to protect the equipment.
The recording equipment in the DD-474 consisted of two FR-114 recorders, two S-3041

recorders, and one 906 visicorder. Without including the visicorder, this arrangement
provided 32 gage recording channels. The actual distribution of the gages among the re-
cording channels for Shot Umbrella is given in Table 2.7. (The distribution for Shot Wahoo
is not given, because no records were obtained in th.ls test.)

The DD-592 had the same equipment as the DD-474, with the exception that it contained
only one S-3041 tape recorder. The distribution of the gages among the recording channels
in DD-592 is given in Table 2.8 for Shot Umbrella. (The distribution for Shot Wahoo is not
given, because records were not obtained.)

The DD-593 had the same equipment as the DD-592. The distribution of the gages among
the recording channels is given in Table 2.9; the small differences between Shots Wahoo and

Umbrella are noted.
The recording equipment in the EC-2 consisted of two FR-114 recorders, four S-3041

recorders, and one 906 visicorder. An overall view of the recording equipment on EC-2

(fairly typical of the arrangement on all ships) is shown in Figure 2.23. Without including
the visicorder, this arrangement provided about 48 data channels. The distribution of the

gages among the recording chonnels is given in Table 2.10: the differences between Shots

Wahoo and Umbrella are noted.

2.2.6 Calibration of Equipment. All equipment was calibrated immediately prior to the
test by automatic insertion of a standard signal into each recording channel at the point

where the gage connects to the recording equipment. Thus, the entire circuit, except the
gage itself, was calibrated. The gages themselves were calibrated at UERD prior to the
test.

In the case of strain gages, defle, .. on gages, and roll and pitch indicators, where a

change of resistance was measured, the standard signal supplied was determined by a known
resistance. Where a voltage was being measured, as in the velocity meters, a standard

voltage was supplied from mercury cells. The only other circuits requiring calibration
were the pressure-recordling channels, where an electrical charge was measured; these

circuits were calibrated with the use of a standard capacitor.

2.2.7 Timing and Fiducial Signals. Timing signals were generated by crystal-controlled

oscillators with an output frequency of 1 ke. This signal was fed to one channel of each
recorder unit and used as a time standard. One out of every 10 timing pips was increased
in amplitude to facilitate the record evaluation; one out of every 100 pips was further in-

creased in amplitude.
Fiducial signals (provided by EG&L) indicated zero time. These signals were imposed

on the timing channel in such a manner as to superimpose a pu~se on the timing signals.

2.Z.8 Sequence of Operations. All equipment, except the diesel-engine generators, was

energized and operated by command signals received from EG&G. On each target ship,
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EG&G provided a central receiving station with a hard wire running to relays within the
Project 3.4 recording center.

Primary power was applied to all equipment on the major ships upon receipt of the
signal at -30 minutes. In the event that this signal was not received, power was applied
by the signal at -15 minutes. The tape transports started at-I minute. The calibration
signals were supplied to pressure recording channels from -15 seconds to -- 5 seconds.
At -5 seconds, the film drive on the string oscillograph started, and calibration signals
were applied to all channets not previously calibrated. At--1 second, all equipment re-
turned to the operate condition and was then in a position to record the zero time signal
and the data from the gages. Five minutes after zero time, all equipment was secured.
The point of no return, of course, was at-1 minute, because the tape was then moving.

If the signal at -1 minute was not received, the signal at -15 seconds started the tape
transports and the film drive on the string oscillographs. Alternate signals were auto-
matically supplied by UERD equipment for all commands after the starting of the tape
transports, in the event that any of these were not received from EG&G equipment.

2.3 DESCRIPTION OF DATA HANDLING

After Shots Wahoo and Umbrella, the raw data was, for the most part, on magnetic
tapes, on photographic (radiation-insensitive) paper, and on photographic film. Of these,
the last item pertains only to the motion-picture film obtained by EG&G during Shot Wahoo;
the processing of this film (though not the analysis) was a responsibility of EG&G and will
not be discussed here. Additional information, obtained by damage measurements of the
EC-2 hull (made with a surveyor's transit), are sufficiently simple in concept as to need
no discussion here.

The raw data (the first two items) was secured from the UERD recording centers on
the target ships and was transferred to the UERD laboratory trailer for an initial processing.
In the main, this processing simply consisted of developing the photographic paper and
playing back selected magnetic tapes, primarily with the use of a visicorder. One FR-114
unit and one S-3042 playback unit were available for this purpose within the trailer. The
handling of the photographic paper was a routine matter and warrants no further discussion.

The magnetic tape playback is described below.
When a magnetic tape was played back, the output of the playback machine was a voltage

reproduction of the original signal applied to the recorder. If the tape was played back at
a speed slower than that at which it was recorded, an effect of time magnification was
produced. Therefore, all of the frequencies involved in the recording process were re-
duced by the ratio of the speed change. FR-114 recorders were run at a tape speed of
60 in/sec while recording; on playback the FR-114 reproduce machine was run at 1.875
-r. 'aec which gave a speed reduction of 32 to 1. Thus, for a frequency response of 01 to

10 ke during the recording phase, a band width of only 312.5 cps was required for the unit
into which the signal was played back. The 3042 reproducer operates only at 30 in/sec,
the same speed as the 3042 recorder. Therefore, a band width of 3 k- in the unit into which
the signal was played back was required if no loss in fidelity was desired.

All tapes werc played back into a visicorder, which had various paper speeds ranging
from 0.2 to 50 in/sec. These speeds allowed the reproductiotn of signals recorded on the
FR-114 machines to have time scales ranging from 6.4 to 1,600 in/see, with no loss in
fidelity. In the casse of the 3042 reproducer, however, the maximum time scale obtained
was 50 in/sec, and the frequency response (if the reproduced record was somewhat poorer
than that on the tapes.

Final processing of the magnetic tape data took place at UERD, following the return of
project personnel from the field. A more elaborate treatment was then applied to the data
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obtained by use of FR-114 equipment; data recorded by the 3042 unit was deemphasized.
since it was not so readily amenable to automatic data reduction techniques. The purpose
of this treatment was to extract as much physically meaningful information 1rom the raw
data as possible; the major data reduction techniques are described below.

During the shots, the recorders were, in several cases, subjected to noticeable shock
loadings, even though they were mounted on shock mitigating platforms. Since the signal
actually recorded on the tape was a carrier signal, frequency modulated by the gage signal,
any variation of tape speed showed up as a spurrcius signal superimposed on the gage rec-
ord when this was played back. To counteract these effects of shock, one channel on each
recorder was used as a reference channel; no signal except the carrier frequency was re-
corded on it. When played back, the only output from a reference channel represented the
spurious signal caused by tape speed variations. The first data reduction step was, there-
fore, to subtract electronically the reference channel signal from the gage channel signal.
An example of the benefit achieved by this technique is shown in Figure 2.24.

In many cases it was desired to integrate the raw records, both for its own sake and as
an intermediate step for further treatment. Two methods were successfully employed: an
electronic device operating on signals from the tapes themselves and a high-speed digital
computer (IBM 650) operating on cards read from playbacks of the raw record. The elec-
tronic integrating device is shown schematically in Figure 2.25: a Kintel 111-A amplifier
was used after severance of its internal feedback loop.

Both xelocity and displacement records were seismically corrected in accordance with
the basic equation outlined below:

Vcorrected V meter a_ ft Vmeter dt + •, ft dt ft Vmeter dt

Where:
V = velocity, either as read by the meter or corrected

w = natural undamped angular frequency

a = damping constant as used in Table 2.2

An example of a seismic correction is shown in Figure 2.26. Again, seismic corrections
were carried out by two methods: an electronic device operating directly from the tapes
and a digital computer operating from cards punched while reading the playbacks. The
electronic method consisted of a suitable combination of electronic multipliers, integraters,
and sum-1n7ers t.s. basic clement was the integrating circuit described above.

Velocity records were further corrected to compensate for the jumps introduced into
the record when the meter magnet hit the stops. This Jump correction was in every case
carried out after the seismic correction procedure was applied and simply consisted of
shifting the baseline up or down in such a fashion as to smoothly connect the records before
and after the jumps. An example is shown in Figure 2.27.

The correction procedure for both seismic motions and stops was considered to yield
physically meaningful measurements of ships motions in most cases for about 200 msec
after arrival uf the first shock wave. However, for later times, inevitable errors, due
mainly tu errors in establishing the baseline and ip securing accurate values for gage
natural frequencies, led to a slowly varying baseline upon which the true motion resulting
from a later loading was superimposed. This naturally gave rise to additional difficulties
in extracting information on the response to such later phenomena as the sea-bottom-
reflected wave. The problem was solved rather straightforwardly simply by extrapolating
the slowly varying trace found prior to such a later signal arrival and using this extrapolated
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curve as a corrected baseline from which to read the record. An example of this procedure
is given in Figure 2.28. To be sure, the resulting measurements of the response to a later
loading could not be considered reliable for quite vs long a time as was the case for the
response to the first shock wave.

In certain special cases, fully corrected velocity measurements were utilized to deduce
the shock spectrum at a corresponding location. This was done on a high-speed digital
computer (IBM 650) in accordance with the well-known governing equations for the response
of a single-degree-of-freedom system:

kLJ 2 fo V (t') coso (t--t')dit

Where:

V ý the velocity applied to the base of the system

t = the time

w the natural angular frequency of the single-degree-of-freedom system

g = 32 ft/sec
2

4YJ the maximum absolute displacement

The term on the left-hand side is ordinarily designated the maximum absolute acceleration
in g's and represents the quantity used in later plots.
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TABLE 2.1 NATURAL FREQUENCIES OF VELOCITY METERS

Cage Natural Frequency
eDD-474 DD-592 DD-593 EC-2

cps cps cps cps

VM-i 5.85 5.60 5.56 5.00
VM-2 5.56 5.26 5.44 5.95

VM-3 5.19 V.47 5.46 5.40

VM-4 5.05 5.26 5.18 2.83

VM-5 5.45 5.19 5.25 5.06

VM-Sa * 2.82

VM-6 4.97 5.38 5.48 2.63

VM-7 5.35 5.03 4.80 4.63
VM-7a * * * 5.44

VM-8 5.02 5.46 5.26 5.89

VM-9 5.47 5.33 5.54 5.71
VM-9a * * 5.13

VM-10 5.11 5.64 5.30 4.75

VM-11 5.01 5.15 5.92 4.78

VM-12 * 4.90 * 5.30

VM-13 * * * 2.79

VM-14 5.05 5.64 5.27 2.67

VM-15 4.85 * 5.38 4.96

VM-16 5.11 5.30 5.01 5.19

VM-16a * * 5.46

VM-17 5.56 5.11 5.00 4.45

VM-18 5.21 * 5.18 *

* Indicates no gage or gages not recorded.

TABLE 2.2 NATURAL VIBRATION CHARACTERISTICS OF SEISMIC
DEFLECTION GAGES

Gage Natural Frequency Damping Constant *

EC-2 DD-474 DD-592 EC-2 DD-474 DD-592

cps cps cps 1/sec 1/see 1/sec

SD-1 X 1.60 1.75 X 0.63 1.42
SD-2 1.58 1.67 1.75 1.36 0.77 0.68
SD-3 1.35 1.65 1.72 0.35 0.81 0.52

SD-4 1.52 1.90 1.64 0.79 0.66 1.15

SD-5 1.33 1.70 1.67 1.73 0.86 0.57

SD-6 - 1.67 1.72 - 0.54 0.77

* 2 flog AjiA2 . wher, f is the natural frequency and A1 and A 2

are successive amplitudes spaced one period apart.
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TABLE 2.3 GAGE LOCATIONS ON DD-474, SHOT UMBRELLA

Frame Cross Section Specific Location
Gage Orientation Number Location

VM-1 Vertical 18 Centerline On keel 9 inches aft of bulkhead at Frame 18
VM-2 Vertical 72 Centerline On keel 2 inches aft of bulkhead at Frame 72, 2 Inches to

starboard

VM-3 Radial 72 Starboard On shell longitudinal No. 6 at bulkhead, 2%/2 inches aft of frame

VM-4 Vertical 72 Centerline On central bulkhead stiffener, 41 inches above keel, 2 inches
aft of Frame 72

VM-5 Vertical 72 Port near centerline On main deck over longitudinal No. 2, 2/4 inches forward
of Frame 72

VM-6 Vertical 72 Centerline On deck of sea cabin over bulkhead

VM-7 Vertical 70'/, 44%/a inches stbd of CL On deck of sea cabin near center of deck panel

VM-8 Vertical 821/, Centerline On junction of keel and transverse stiffener

VM-9 Vertical 81 Starboard near centerline On shell longitudinal No. 1 between transverse stiffeners

VM-l0 Radial 82!/2 Port On shell longitudinal No. 6, 4%/4 inches forward of
transverse stiffener

VM-11 Radial 82'/, Starboard On shell longitudinal No.6, 41/4 Inches forward of
transverse stiffener

VM-14 Vertical 120%!, Centerline On keel 4 Inches aft of transverse stiffener
VM-1 Vertical 119 Starboard near centerline On shell longitudinal No.1 between transverse stiffeners
VM-16 Vertical 148 Centerline On keel, 2 Inches stbd of centerline, 3% Inches forward

of Frame 148 bulkhead

VM-17 Vertical 148 Centerline On main deck, 21/4 Inches forward of bulkhead, 2%/a inches
port of centerline

VM-18 Vertical 1461/2 Port near centerline On main deck panel between deck longitudinal No. 1 and 2

SD-1 Vertical 18 Centerline On second platform, 20 Inches aft of Frame 18
SD-2 Vertical 70 Port On main deck over longitudinal No.2, 3 inches fwt'. ef Frame 70
SD-3 Vertical 70'/, 12'/2 Inches stbd of CL On deck of sea cabin near center of deck panel
SD-4 Vertical 110 Starboard near centerline On main deck over longitudinal No. 2, 35 Inches fwd of Frame 110
SD-5 Vertical 146 Port near centerline On main deck panel between deck longitudinal No. 1 and 2

SD-6 Vertical 157 Centerline On first platform 34 Inches aft of Frame 157 at bulkhead

ST-1 Longitudinal 97 Port near centerline On main deck directly over deck longitudinal No. 2
(extends from 2 Inches fwd of Frame 97 to 30%

Inches aft of Frame 97)
ST-2 Longitudinal 146 Port near centerline On main deck directly over deck longitudinal No. 2

(extends from Frame 147 to 31 inches fwd of Frame 147)

PE-1 18 Centerline Under keel at bulkhead
PE-2 72 Centerline Under keel at bulkhead
PE-3 82%/2 Centerline Under junction of keel and transverse stiffener
PE-4 82%!, Port Under junction of shell longitudinal No. 6 and

transverse stiffener
PE-5 82'/2 Starboard Under junction of shell longitudinal No. 6 and

transverse stiffener
PE-6 120'/, Centerline Under junction of keel and transverse stiffener

P-1 Longitudinal 71 Centerline At 01 deck level, 23% inches port of centerline
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TABLE 2.4 GAGE LOCATIONS ON DD-592, SHOT UMIRRELLA

Frame Cross Section
Gage Orientation Number Location Specific Location

VM-I Vertical 18 Centerline On keel 10%/8 Inches aft bulkhead at Frame 15
VM-2 Vertical 72 Centerline On keel 23/4 inches aft bulkhead at Frame 72
VM-3 Radial 72 Starboard On shell longitudinal No. 6 at bulkhead, 414 inches aft of frame
VM-4 Vertical 72 Centerline On central bulkhead stiffener 37%/t inches above keel,

2% Inches aft of Frame 72
VM-5 Vertical 12 29 Inches port of CL On main deck 2% inches fwd of Frame 72
VM-6 Vertical 72 Centerline On deck of sea cabin over bulkhead
VM-7 Vertical 701/2 44 inches stbd of CL On deck of sea cabin near center of deck panel
VM-8 Vertical 821/% Centerane On junction of keel and transverse stiffener
VM-9 Vertical 81 Starboard near centerline On shell longitudinal No. 1 between transverse stiffeners
VM-10 Radial 821/2 Port On shell longitudinal No. a just aft of transverse stiffener
VM-11 Radial 821/' Starboard On shell longitudinal No. 6, 41/4 inches aft of transverse stiffener
VM-12 Transverse 72 Centerline At the center of gravity (14 feet 9 inches above bottom of keel)
VM-14 Vertical 1201/2 Centerline On keel 61/2 inches fwd of transverse stiffener
VM-16 Vertical 148 Centerline 29 inches above keeL 21/4 inches Nwd of Frame 148 bulkhead
VM-17 Vertical 148 Centerline On main deck, 2 Inches fwd of bulkhead

SD-i Vertlial 18 Ccnterline On second platform, 201% Inches aft of Frame 18
SD-2 Vertical 54 5 ft 5 Inches port of CL On first deck 20% inches fNd of Frame 54 bulkhead
SD-3 Vertical 700% 13'! inches stbd of CL On deck of sea cabin near center of deck panel
8D-4 Vertical 92%4 Centerline On main deck over bulkhead
SD-5 Vertical 146 Port near centerline On main deck panel between deck longitudinal No. 1 and 2
SD-6 Vertical 157 Centerline On first platform 33%/4 inches aft of Frame 157 bulkhead

PE-1 99 Ri/s feet liff stbd side Free-water PE. 27 feet under water surface
PE-2 99 8%/1 feet off stbd side Free-water PE, 18 feet under water surface
M.E-3 821/% Centerline Under Junction of keel and transverse stiffener
PE-4 8/2% Port Under junction of shell longitudinal No. 6 and transverse stiffener
PE-5 82%/2 Starboard Under junction of shell longitudinal No. 6 and transverse stiffener
PE-6 120%/, Centerline Under junction of keel and transverse stiffener

11-1 Transverse 66 Centerline At 01 deck level

TABLE 2.5 TABULATION OF GAGE LOCATIONS ON DD-593, SHOTS WAHOO AND UMBRELLA

Frame Cross Seotion
Gage urientation Number Location Specific Location

VMI-! Vertical 18 Centerline On kWel 101/4 inches aft of bulkhead at Frame 18
VM-2 Vertical 72 Centerline On keel 3 inches asi of bulkhead at Frame 72, 2 inches

starboard of centerline
VM-3 Radial 72 Starboard On shell longitudinal No. B at bulkhead, 21/' inches aft of frame
VM-4 Vertical 72 CenterlIne On central bulkhead stiffener, 40 Inches above keel, 21/1 inches

aft of Frame 72
VM-6 Vertical 72 1%/| inches stbd of CL On main deck, 61/1 inches fwa of Frame 72
VM-6 Vertical 72 Centerline On deck of sea cabin over bulkhead
VM-7 Vertical 70'/2 45 incites stbd of CL On deck of sea cabin near center of deck panel
VM-8 Vertical 822% Centerline On junction of keel and transverse stiffener, 5 inches fwd vf

Frame 821/i
VM-9 Vertical 81 Starboard near centerline Cn shell longitudinal No. 1 between transverse stiffeners,

1 inch fwd of frame
WM-10 Radial 82%' Port On shell longitudinal No. 6, 11/1 inches down from center

of longitudinal just aft of transverse stiffener
VM-11 Radial 821/% Starboard On shell longitudinal NohB, 2 Inches up from center of longi-

tudinal Just aft of transverse stiffener
VM-14 vertical 120% Conterlins On keel at transverse stiffener
VM-15 Vertical 119 Starboard near centerline On shell longitudinal No. 1 between transverse stiffeners
VM-16 Vertical 148 Centerline 29 Inchee above keel, 21/% inches fwd of Frame 148 bulkhead
VM-17 Vertical 148 2 inches sthd of CL On main deck, 2 inches fWd of bulkhead
VM-18 Vertical 147 13 inches port of CL On main deck panel between deck longitudinal No. 1 and 2,

6 inches fwd of Frame 147

-PE-I 18 Centerline Under keel at bulkhead
PE-Z 72 Centerline Under keel at bulkhead
PE-3 82% Centerline Under junction of keel and transverse stiffener
PE-4 82%/ Port Under junction of shell longitudinal No. 6 and transverse stiffener
PE-5 8/2% Starboard Under junction of shell longitudinal No. 6 and transverse stiffener
PEc- 1201/, Centerline Under junction of keel and transverse stiffener
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"TAi"L 2.6 GAGE LOCATIONS ON EC-2, SHOTS WAHOO AND UMBRELLA

Gage Orientation Cross Secion Specific LocaUon
Number Location

VM-l Vertical 88 2'/2 inches stbd of CL On inner bottom 2%4 inches fwd of Frame 68
VM-2 Vertical 88 Port On inner bottom 2% inches fwd of Frame 88, 4 inches from

port shell
VM-3 Vertical 88 Starboard On inner bottom 21/2 inches fwd of Frame 88. 3Y/1 Inches

from stbd shell
VM-4 * Vertical s8 Centerline On bulkhead, center 371/2 inches above second deck, 7 inches

aft of Frame 88
VM-5 Vertical 89 Centerline On bulkhead, base 261/4 inches above bridge level. 21j inches

fwd of Frame 89
VM-BA * Vertical 89 7 inches stbd oi CL On bulkhead, center 27 Inches above bridge level, 4% Inches

fwd of Frame 89
VM-6 * Vertical 85 7%/ Inches stbd of CL Center 22% inches above bridge level , 17%/4 inches fwd of

Frame 85
VM-1 Vertical 98 Centerline On !nner bottom 3 inches aft of Frame 98
VM-=A Vertical 98 Centerline On Inner bottom 3 Inches fwd of Frame 98
VM-S Vertical 98 Port On inner bottom 234 inches aft of Frame 98, 31/2 Inches from

port shell
VM-9 Vertical 98 Starboard On inner bottom 2/1 inches aft of Frame 98, 4 inches from

etbd shell
VM-9A Vertical 98 Starboard On inner bottom 2%/j inches aft of Frame 98, 7% inches from stbd

shell
VM-10 Transverse 98 Port On shell stiffener 8 feet 9 inches above Inner bottom
VM-11 Transverse 98 Starboard On shell stiffener 8 feet 9 inches above inner bottom,
VM-12 Vertical 108 Centerline On bulkhead, base 11 feet 10 inches above Inner bottom.

2% inches fwd of Frame 108
VM-13 * Vertical 108 Centerline On bulkhead, center 48 inches below second deck, 7

inches fwd of Frame 108
VM-14 * Vertical 92'/I 0% inches atbd of CL Center 20/,4 Inches above Inner bottom, 16%/4 inches fwd of

Frame 93
VM-15 Transverse 88 Centerline 13 feet 11 Inches above inner bottom, 201/4 inches fwd of

Frame 88
VM-16 Vertical 88 214 inches stbd of CL Bose 4_8%a !nct• -b- innar bottom. 28/A inches fwd of

Frame 88

VM-16A Vertical 88 2'/4 Inches port of CL Base 48'/2 inches above inner bottom, 21/, inches fwd of
Frame 88

VM-17 Transverse 88 CenterlIne On overhead above bridge level

SD-I Vertical 8? Centerline On ijmur bottom 28 inches fNd of Frame 88
8W-2 Vertical 881/2 37 Inches stbd of CL Ou sm'nnd deck 18 inches aft of Frame 88
SD-3 Vertical 861/2 Centerline On bridge level 41% Inches fwd of Frame 88
SD-4 Vertical 1,0 11 feet 2 Inches etbd of CL On inner bottom 5 Inches fwd of Frame 105
8D-S Vertical 94 9%/' inches stbd of CL On inner bottom 22 Inches fwd of Frame 95

PE-I 98 Centerline Under keel
PE-2 98 Port At intersection off shell and inner bottom
PE-3(W) 98 Just off stbd side Free-water PE, 22 feet under water surface
PE-3(U) 148 23 feet off stbd side Free-water PE, 10 feet under water surface
PE-4 98 Port On shell 8 feet 9 inches above inner bottom
PE-5(W) 58 Just off stbd side Free-water PE, 22 feet under water surface
Px-5(U) 148 23 fect off stbd side Free-water PE, 27 feet under water surface
PE-8(W) 88 Just off port side Free-water PE, 47 feet under water surface
PE-6(U) 148 23 feet off stbd side Free-water PE, 44 feet under water surface

n-1 Transverse 78 Starboard On shell stiffener, 8 feet 9 Inches above Inner bottom
-. '(W)Transverse 82 Starboard On shell stiffener, 8 feet 9 inches above inner bottom

"- 2iU)Transverse 82 Port On shell stiffener, 8 feet 9 inches above inner bottom
MD-3 Transverse 78 Port On shell stiffener, 8 feet 9 inches above inner bottom
MD-4I V')Tranaverse 87 Starboard Between shell stiffener and bulkhead stiffener, 8 feet

9 Inches above inner bottom
ýt.- 4 (1 ;Transverse 87 Port ±,- l ... r .... Lulkhead stiffener, 8 feet

9 inches above inner bottom
,' - ertical 861/s Centerline On iaier bottom 12 inches aft of Frame 86

,y'--G ".'ertical 861/2 12 feet 8 Inches stbd of CL On inner bottom 12 inches aft of Frame 86
M"-"• 3rtical 861/, 12 feet U iaLches port of CL On inner bottom 12 inches aft of Frame 86

ST- Ia, igitudinal 97?/2 Starboard On shell platlng 8 feet 9 Inchea above inner bottom
midway between shell stiffeners

ST-2 -..ngltudinal 958/4 Starboard On shell plating 8 feet 9 inches above inner bottom
midway between shell stiffeners

R-1 Transverse 88 Centerline On overhead above main deck level

P-1 Longitudinal 88 Centerline On overhead above main deck level

Notes: ' Large velocity meter. (W) indicates gage position used only in Wahoo. (U) indicates gage position
used only in Umbrella. A indicates a gage at an essentially duplicate posltion.
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TABLE 2.7 GAGE DISTRIBUTION AMONG RECORDING CHANNELS IN DD-474,
SHOT UMBRELLA

1R- 114 FR1-114 8-3041 S-3041 908
Tape Recorder Tape Recorder Tape Recorder Tape Recorder Visicorder

PS-1 PR-2 MaV- Timing and
PE-3 PE-4 VM7Fiducial

PE-S PE-S K1 D- M
VM-1 VM-2TMi8-2M-

P-1 VM-4 D6M-5 V8
ST-I I'M-S '-S '-

Timing and Timing and Timing and Timing sand
Fiducial Fiducial Fiducial Fiducial VM-4

VM-9 I'M-B

TM-b0 57-2 BS .. VI1

'M-lB SD-I1

TM-16 VM-1 B.S * 1.5. * R.S. * 11.5. * SD-2

11.5. 11.5. * M-8ST5-2 I'M-i? P-i ST-i

'*R. S. Reference signa.

TABLE Y-8 GAGE DISTRIBUJTION AMONG RECORDING CHANNELS
IN 00-892, SHOT UMBRELLA

711-114 YR-114 5-3041 908
Tape Recorder Tape Recorder Tape Recorder Visicorder

FE-i PE-2 SD3Timing 11nd1
FE-S PE-4 FIducial

PB-S FE-B D4V-
I'M-i VM-2 -4V-

I'M-S I'M-4 RfrneV-
I'M-S I'M-S eeec '-

Timting and Timing and Timing and TM-8
Fiducial Fiducial Fiducial

I'M-9 I'M-B
I'M-10 TM-I D6 M1
I'M-i2 VM-IiI'-i

I'M-lB H-I D5R1 S2
I'M-i? VM-i4 S- 1i 8-

SD-i BD-2 R.. HS SD-S
R.S. R, S. * RS 15

11.S. =Reference signal.

TABLE 2.9 GAGE DISTRIBUTION AMONG RECORDING CHANNELS
IN DD-5BS, SHOTS WAHOO AND UMBRELLA

711-114 711-1 14 906
Tape Recorder Tape Recorder VIsicorder

PS-I PE-2 Timing and
PE-3 PE-4 Fiducial

FE-I PE-B
'M-i I'M-a TM-4

I'M-3 '.71-4 VM-6(W) and
I'M-S I'M-B VM-14cU)

Timing and Timing and T-
Fiducial Fiducial v-

I'M-fl IM-fl
I'M-iS I'M-? I'M-li

I'M-li

I' 1-18 I'M-i
V'M-17 V'M-14

I'M-l8 IM-IS I'M-lB
Reference Reference

Notes: (W1 lndbrnles recording position used in Wahoo.
(UM Indicates recording pisition used In Umbreila.
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TABLE 2.7 GAGE DISTRIBUTION AMONG RECORDING CHANNELS IN DD-474,
SHOT UMBRELLA

FR-114 Fn-f14 S-3041 8-3041 906
Tape Recorder Tape Recorder Tape Recorder Tape Recorder Visicorder

PE-1 PE-2 Timing and
PE-3 PE-4 Fiducial

PH-B PE-BVI-i VI-a VM-18 SD-2 VM-6VM-1 VM-2

P-1 VI-4 SD-B VM-15 VM-8
ST-1 VM-5

Timing and Timing and Timing and Timing and
Fiducial Fiducial Fiducial Fiducial VM-4

VM-9 VM-6

VIM-10 ST-2SBaVAiR.S. * R.S. * VIA-II813-3 VM-11

VIA-iS 80-1VI-Il VI-1 R.S, * R.S. * R.S. * R.S. * SD-2VM-17 VM-14

8D-4 SD-SR.S. VMI- ST-2 VM-17 P-1 ST-1R.S. *R.S. •'
•R. S. Reference signal.

TABLE 2.8 GAGE DISTRIBUTION AMONG RECORDING CHANNELS
IN DD-592, SHOT UMBRELLA

FR-1I4 FR-114 B-3041 906
Tape Recorder Tape Recorder Tape Recorder Visicorder

PE-1 PE-2 SD-3 Timing and
PE-a PE-4 Fiduoial

PE-i PE-6 SD-4 VM-4VM-1 VM-2

Vls-S VIA-4VM-8 VI-S Reference VIA-6VM-8 VM-S

Timing and Timing and Timing and VM-8

Fiducial Fiducial Fiduclal
VM-9 VM-6
VI-10 VM-?VI-i hfIl S-U Vhf-ilVM-12 VM-11

VIA-lB R-1VII16R1 SD-5 R-1 RD-2
VM-17 VM-14

SD-1 SD-2 R.S.' H.S 80-R.S.. a.S S. 0D

4 R.S. Reference signal.

TABLE L.9 GAGE DISTRIBUTION AMONG RECORDING CHANNELS
IN DD-S93. SHOTS WAHOO AND UMBRELLA

FR-114 FR-114 906
Tape Recorder Tape Recorder Vibicorder

PE-i PE-2 Timing and
PEH3 PE-4 Fiducial

PE-5 PE-6
VM-i VM-2

VM-3 VM-4 VM-6(W) and
VM-8 VM-5 VM-14 (U)

Timing and Timing and VM-8
Fiducial Fiducial

VM-9 VM-6
VM-10 VM-7 VM-Il

V- VM-IA
VM-16 VM-l

VM-i? VM-14

VM-18 VM-15i
Reference Reference

Notes: (W) indicates recording position used in Wahoo.
(U) indicates recording position used in Umbrella.

35

CONFIDENTIAL



TABLE O.10 GAGE DISTRIBUTION AMONG RECORDING CHANNELS IN EC-2, SHOTS WAHOO AND UMBRELLA

906
Frame 114 Frame 114 S-330041 S-3041 8-3041 S-3041 9ir

Visioorder

PE-I PE-3 VM-6 VM-17 PE-1 (W) - - Timing
PE-2 PE-4 VM-II(U)

PE-5 PE-6 ST-I(W), ST-2(W), VM-11(W). VM-SA(W),
VM-5 VM-I Ref (U) Ref (U) Ref (U) VM-6(w) SD-I(W) VM-3(U)

V M -'7 0 ), VM -2 M - W , M - ( )
R-1(U), VM(W), MD- VM-14 MD-2(W) R-1(W) VM-YAVM-S CO, VM-i(W), MD-4(U) MD-2(U)
VM-8 VM-14(U)
Timing Timing VM-9(W),

VM-9(W), Timing Timing Timing Timing
SD-3(U) VM-16(U)

M-M-4(W), Reference VM-(16W(w),
VM-12(W), VM-7A MD-( MD-6 SD-2(W) Rfrnce VM-6(W)
SD-2(U)

VM-13 VM-9A
VM-15 VM-10 SD-4 SD-5(W) SD-1 SD-3(W) P-1 (W) SD-4(W),
VM-16 VM-16A(W), P-I(U) MD-5(U)

MD-3(U)

Reference Reference Reference Reference Reference
Signal Signal Signal Signal Signal VM-1 (W) SD-4(W)

(W) indicates gage position used only In Wahoo. (U) Indicates gage position used only in Umbrella. A indicates
a gage at an essentially duplicate position.
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Figure 2.18 Typical displacement gage installation.

.7E "

Figure 2.19 Deflection gage installation on EC-2 (Hold 3).
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Figure 2.20 Camera mount on EC-2.

R- .6

Figure 2.21 DD instrument platform shock mounting system.
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C ( I Af Polystyrene

R(O.5M1l
Carbon filim)

Input in•Hi h GoanDC Amplifier (-K) Output

0 0i

Figure 2.25 -: k £1Aronic intcgr;iting devicI schem:aLtic,

'rid

U Unfl r reeled ,,•- " -. ,• -~ •--

-10 *

Figure :2.26 Example of seismically corrected record.
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to A.i Di o i.Jumpý, Duel -a Stop

0 oV ' 'a4 0jump Due 10 slop Jump Dou to Stop

-I;- 40 7;080 0 100 ilO 1ý 140

O ,.,-VOIocity (Sonmi toll cotlltool dil
W'th Steps Removed

,. - i '0C 40 50 so ?o 60 t 10V0 ,1 0

Figure 2.27 Example of correcting a velocity record for stops.

1 ,0 1,040 1 06 14 110 i 4 11 0 t .0
Tim-- -, m

Eutttolted Reaocordn

502L -
goo 1,000 1,02 0 1,040 1,060 1,080 1.100 1,120 1,14 0

i lTime, raisei

Figure 2.28 Procedure for reading reflected wave response.
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Chapter 3

LI 1 ".'JMINARY REMARKS

thcng U• " . "'...i-.q-- , cs were obtained only on the EC-2 ant £P1 -593. The
immediate causes of malfunction c-, the other target ships included: !I% the DD-592, a
leakage of washdown water into thu jkiip's :sitvi ior an. onto a awitohCxar- paused a short
circuit that tripped the circuit brealker throughý ,hi, the sht.'-'.:-'c- power was
provided; (2) on the DD-474, " t; 36 . -t -¢..-h dWL_,--rn ed the .G&G timing signal

,,..t l.Lp'8 oenergency 100-kw diesel generator, and (3) on the YC-1, an
unknown circumstance. Inasmuch as the EG&G timing-signal receivers on the DD's were
powered by the ship's emergency generators but had no backup power system and were not
monitored, these malfunctions led to a complete lack of Project 3.4 data on the DD-474
and DD-592.

The measurements obtained on the DD-593 were rather uniformly of good quality. Most
of the measurements obtained by the FR-1l4 recorders on the EC-2 were also of good
quality, except that some distortion was noticeable in the records because of mechanical
shook motions introduced Into the recording equipment, especially when the recording
platform bumped the superstructure deck above (Figure 3.1). The severity of the shock
may be judged by the damage to the recording gear (Figure 3.2) and, also, by the damage
to the generators (Figure 3.3). However, the distortion of key records introduced by the
shock could be ! Uninated electronically over the time periods of chief interest (Section

Z.3), and the vWU."i information was obtained.
Measurements obtained by the S-3041 recorders on the EC-2 were of relatively poor

quality. The most important consequence of this was a loss of most of the seismic dis-
placement data. A damage survey of the EC-2 hull was successfully completed, and an
examimntion of the DD-474 hull was also made. High-speed motion pictures of the hull
deformation in Hold , of the EC--2 ware obtained by EG&G.

Representative examples of the measurements are discussed in the remaining sections
of this chapter. All results presented have been fully corrected, in accordance with the
procedures outlined in Section 2.3, and represent physical measurements, rather than raw
records.

3.2 OVERALL RANGE OF EFFECT OF UNDERWATER PHENOMENA

The effects of the overall phenomena are shown in Figures 3.4 and 3.5. The main phases
of the loading and response are marked on the figures: direct shock wave, cavitation re-
loading subsequent to the direct wave, sea-bottom-reflected shock wave, and cavitation
reloading subsequent to the reflected wave (directly observed only at DD-593). In addition,
two typical precursor waves are indicated: hull precursor and sea-bottom precursor
(DD-593 only).

Examination of the one FR-114 recorder on the EC-2, which continued to function at
very late times, provided some evidence of the occurrence of further phenomena. However,
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this evidence consisted largely ef times at which something happened; response measure-
nmnts were n,<ý obtained.

3.3 HULL .. ,ADING AND HULL RESPONSE

The early A.i loading and hull response of the EU-2 are iilustrated by the solid curves
shown ir F::gt--:e j.6. Notice that both the direct and reflected pressure wave phases are
shown. As a matter of general interest one of the free-water prec.iire measurements is
added (see dashec' curve) for comparison. A similar examination of the hull loading and
response of th3 DD-593 is made in Figure 3.7.

3.4 CROSS-IF-t CTION DISTRITBUTION OF HULL RESPONSE

The velocities -neasured ovtn-€ 2'e cross section of the EC-2 hull are shown in Figure
3.8. Age.>, oniy short intervals of t.nme are shown both for the direct and e'ýflected waves.

A similar c-:mparison for the DD-593 is not considered of sufficient Interest to Include,
inasmuch as the attsnk, in this case, was end-on.

3.5 LONGITUDINAL DISTRIBUTION OF LOADING AND HULL RESPONSE

The EC-2 was attacked side-on and instrumented by Project ;.4 enly in the augine ro-n
and Hold 3; thus, there is no information leading to a comparison of the response of the
EC-2 along tCe entire length of the ship. However, it is interesting to obtnerve th f-.
on bottom velocities of the location of the velocity meter !i relation tcý heavy masses along
the bottom of the ship (Figure 3.9). VM-IA was locateC dloRe to large mac;.'!U..ry inas•'-t:
that VM-14 was located in an open area of the bottom (relatively far away from large
weights), and that VM-1 was near a bulkhead and only a few feet from the lar;,e ballast
mass In Hold 3.

The longitudinal distribution of the loading and response along che length of the DD-593
is illustro-ted in Figure 3.10. Of chief interest is the response due to the reflected wave.
Note that the sea-bottom seismic precursor pressure wave gave rirse to a response prior
to that due to the regularly (specular) reflected wave and that the Tatter response is super-
imposed on th.-: former.

3.6 RESPONSE DISTRIBUTION UPWARD THROUGH SHIP

The distribution of the early response upward through the EG-2 is Illustrattd ih Figure
3.11 by a few velocity records obtained at various positions along the forward engine-room
bulkhead.

A similar study of the response distribution in a DD-593 bulkhead is presented in Figure
3.12. In this case the response to the regularly reflected wave is superimposed on the
response to a sea-bottom precursor pressure wave.

3.7 BODILY RESPONSE OF TARGET SHIPS

Some insight into the bodily motion of the target ships may be gained by comparing the
responses measured at representative locations. It should, of course, be realized that it
is impossible to measure directly such bodily motions as the vertical motion of the center
of gravity of a ship, the pitching motion, and the like. However, in many cases a straight-
forward examination of measurements at a variety of locations suffices for a determination
of the characteristics of the bodily motions.
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The vertical velocities measured at various representative locations on the EC-2, after
the direct shock wave, are reproduced over a long time interval in Figure 3.13. The few
valid vertical displacement histories measured on the EC-2 at various locations are shown
in Figure 3.14. Tn aidlition, a typical velocity record (VM-7 from Figure 3.13) was inte-
grated and is also shown in Figure 3.14 to demonstrate the degree of consistency between
Figures 3.13 and 3.14.

No similar treatment of the DD-593 measurements is meaningful in terms of establish-
ing the vertical bodily motion of the DD-593 following the direct shock wave.

Vertical velocities measured at various representative locations on the EC-2 indicate
the vertical bodily motion following the reflected wave (Figure 3.15). As noted in this
figure no definite evidence of a response to cavitation reloading was found. Vertical dis-
placements recorded on the EC-2 after the reflected wave were not sufficiently good to
yield meaningful measurements.

Vertical velocities measured, after the reflected wave, at representative locations on
the DD-593 are shown Iii Figure 3.16.

Horizontal velocities measured, after the direct shock wave, on the EC-2 bulkhead are
shown in Figure 3.17. Note that VM-15 has a large superimposed vibration that obscures
the bodily motion. Similar measurements made after the reflected wave show an insignifi-
cant response; a peak velocity of about 1 ft/sec was measured by VM-15.

3.8 DEVELOPMENT OF HULL DAMAGE IN EC-2

Deflection gages were installed in Hold 3 of the EC-2 to measure the development of
Pide-frame and bottom deformation. A special effort was made to attach the support end
of the gages as rigidly as possible to an Integral element of the ship (Figure 2.19).

Deflection histories measured at the shock-wave phase are shown in Figure 3.18. In
comparing MD-1 with MD-4, recall that MD-4 is attached to the side frame next to the
engine-room bulkhead and to the first starboard bulkhead stiffener; it, therefore, measures
side deformation on the attack (starboard) side very close to the bulkhead. No significant
response occurred after the times shown in Figure 3.18. Set deflections measured before
and after the test are also shown in Figure 3.18.

Thti motion-picture films taken by EG&G in the interior of the EC-2 were evaluated.
Because of the &Emall magnitnýde of the def-matIon, only the film foc n Camera 1 7.igure
2.13) could be read with sufficient accurac, to yilcd meaningkfl physical measurement1s
The resulting estimate of frame deformation at the M). I * ation is shown in Figure 3.18;
cross-hatching is used to indicate the approximate accuracy of film zeading.

Longitudinal strains in the shell plating on the starboard (attack) side vwere mec sured
at about half-draft midway between frames. The resulting measurements are shown In
Figure 3.19. The first portion of the records are plotted with an expanded time scale to
show details and in order to show the close comparison between the two ST gages.

3.9 FINAL HULL DAMAGE

Slight damage to the attacked side of the EC-2 between the inner bottom and second deck
was noticeable within the engine room and Hold 3 after Shot Wahoo. Systematic before-
and-after measurements were carried out with a surveyor's transit, and damage contours
representing frame deformations shown in Figure 3.20 and Figure 3.21 were derived.
Squares indicate actual measurements; triangles indicate values faired from the vertical
contours; circles designate set deflection measurements made by measuring the electrical
resistance changes in the MD gages; and solid curves indicate an evaluation of the frame
damage due to the test. As a result of the starboard side frame deformation many of the
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brackets connecting the frames with .he double bottom were 1'uckled slightly (Figuie 3.22).
Notice that measurements were also made at the half-frames (or, at the shelf plating); a
typical damage contour for the platingm is also drawn in Figure 3.20 as a dashrd curve. It
is apparent that, in addition to franiL deformation, the side she!.. plating deformed between
stiffeners. The amount of this dishing was measured at midframc-s on the starboard side
in a number of cases, and these ca'-a-s showed similar behavior; the amount of dishing in-
creased with depth below the water surface down to the inner-bottem ie7e!. The dishing
was, therefore, averaged for a nunibeL r of cases and the resulting avurage dish is shown
in Figure 3.23.

Hull damage in the port side and in the inmer bottom was icss than in the sLarboard side
and proved to be too negligible for preparation of consistent damage contours.

Some damage was roL': able at the closure plates about the rudder shaft in the afterpeak
region of the EC-2. iVos1L of the boith wsere sheared off. However, no budl dishing vas
noticeable in either the forepeak or aftzrpeak regirn&

Bulkhead damage was essentially nonexistent at locations where the hillrheads could be
examined.

Some damage was detected in the propeller-shaft tunnel of the EC-2 aft of Frame I 2-.

forward of Frame 1324 this damage was negligible. Aft of Frame 134 tht. --:aft tunnel was
bowed inward, largely on the starboard side, to such an extunt that the width was reduced
by about 6 inches (Figure 3.24). Catastrophic shock damage to the shaft bearings (Figure
3.25) wa• observed.

Divers were requested to examine the bottom of the EC-2, and visual observations of
damage were reported. Slight plating dishes were described In the bot.ara: between floors
and longitudinals in the region between Frames 39 and 134; damaje fore xi aft of `,is
region was entirely negligible. A washboard type of damage was rAport:.- for the ship's
rudder. One split seam was described as open sufflcioDntly to permit the "insertion of a
fingernail"; this open seam was located at about Frame 120 at about the position of the
starboard longitudinal and ran longitudinally for a total length of about 8 feet.

After the test, the EC-2 acquired a definite list to port (about 1" to 1.50 ). The cause
may have been a shift of the gravel ballast in Holds 2 and 4, perhaps supplemented by a
drainage of water from the starboard tanks in Hold 1. (Water leakage from pipes In Hold
3 was observed.)

A careful examination of the hull of the DD-474 revealed no hull dishing that could defi-
ni-C be ascribed to Shot Wahoo.
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Figure 3.1 Damage -zaused when instrument platform
cabinet bumped overhead in EC-2, Shot Wahoo.

g LE

Figure 3.2 Damage to recording gear of instrumentation

platform on EC-2, Shot Wahoo.
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V-
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Figure 3.12 Vertical response distribution upward
through DD-593 bulkhead, Shot Wahoo.
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Figure 3.22 Buckled starboard side frame brackets in EC-2, Shot Wahoo.
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Figure 3.23 Average shell dishing between frames,
EC-2 starboard side, Shot Wahoo.
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Chapter 4

DISCUSSION, SHOT WAHOO

4.1 PRELIMINARY REMARKS

Shot Wahoo was detonated at a burst depth of 500 feet at the s51 indic•l•ated in Figure 1.1.
The nominal yield of 10 kt was confirmed by radiochemical analysis of water samples to
within about 10 percent; such a deviation from the nominal yield is immaterial for present
purposes. The analysis of the present report was therefore based on the assumption that
the underwater effects arising from the explosion were equivalent to those of a 6.7-kt TNT
charge exploded under the same conditions (Reference 11).

Sea conditions at the time of detonation were estimated, on the basis of information
supplied informally by Project 1.13, to consist of 6-foot (crest to trough) ocean swells with
a wavelength of about 300 feet and superimposed 3-foot (crest to trough) sea waves with a
much bhorter wav,3length. The fiducial timing signal provided by EG&G was estimated to
be available at the recording equipment within approximately 250 psec of detonation; for the
purposes of this report, therefore, the fiducial timing signal represented detonation time.

The underwater pressure and ship response measurements obtained from Shot Wahoo
are summarized in Figure 4.1, which also shows elements of the test array. This array
included some participating fleet ships as well as target ships. Project numbers are listed
after each type of measurement. Other measurements of interest to Project 3.4 were also
obtained. At nearly detonation time, bathythermograph measurements were obtained at the
DD-593 by Project 1.13 (Reference 12). Together with previous observations In the general
area, these measurements enabied estimates to be made of the sound speed structure
throughout the area; such estimates are reproduced in Appendix A. Motion-picture cover-
age of the accompanying surface phenomena was obtained (Reference 13) by Project 1.3.
Specific observations were made (Project 1.6) of the water waves produced by the underwater
burst in the area of the test array (Reierence 14). A survey of target-ship damage was
made following the test; both equipment damage (Project 3.8, Reference 15) and hull damage
(Projects 3.8 and 3.4).

The horizontal distance and the orientation of the key ships shown In Figure 4.1 were
measured in three ways: an aerial photographic survey of the target array prior to shot
time, radar screen scans near shot time, and shock-wave arrival time measurements at
the ships. Of these, the last could be applied only in two cases, the EC-2 and DD-593, and
the details of this effort are discussed in Appendix A. Evaluation of available data led to
the estimates given in Table 4.1. The ship headings, or orientations, at shot time are
expressed in terms of rotation from the nominal headings. The nominal headings, indicated
in Figure 4.1, are either directly along the array lines or normal to the array lines.

Prior to analyzing the loading and response measurements obtained by Project 3.4, an
effort was made to collect and summarize all pertinent phenomenological data (Program 1)
obtained during Shot Wahoo (Figure 4.1) and, by comparing it with theoretical calculations,
to adapt it to a form considered essential to a rational pursuit of Project 3.4 objectives.
(The necessary information was supplied by key projects, such as 1.1 (Reference 16) and
1.5 (Reference 17), prior to the final publication of their own analyses.) The main results
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of this Project 3.4 evaluation are expressed in this section; detailed justifications are
presented in Appendix A.

Shot Wahoo generated four significant loading phases: direct shock wave, bottom-
reflected pressure wave, and bulk-cavitation reloadings following both the direct and
reflected pressure waves. The bottom-reflected wave assumed a particularly complex
character beyond a critical range somewhat short of the DD-593 position. Beyond this
critical range the first reflected-wave signal to arrive at positions near the water surface
traveled partly through the sea bottom; the initial portion of the reflected-wave signal is
designated a precursor. At a time corresponding to the first arrival of a signal traveling
entirely through the water, i.e., a specular reflection, the bottom-reflected pressure wave
exhibited a jump increase.

For the purpose of this report, the direct shock wave is characterized near the water
surface by angle of attack, peak pressure, and surface cutoff time. Each of these is de-
scribed below as a function ot horizontal range from surface zero for depths below the
water surface, which are of interest for surface ships.

The attack angles made at the water surface by the direct shock wave were computed by
the use of refraction theory as described in Appendix A, and the results are plotted as a
function of horizontal distance from surface zero in Figure 4.2. Experimental confirmation
of these results could be obtained meaningfully in one case, the EC-2 by utilizing Project
3.4 shock-front arrival-time measurements along a transverse line (Appendix A). Insertion
of this result Into Figure 4.2 indicates a good agreement with the computed attack angles.

Direct wave peak pressures calculated by refraction theory for positions near the water
surface are plotted as a function of range in Figure 4.3. For comparison, all available
experimental data obtained near the water surface is also shown; the computed curve
represents a satisfactory representation of all information. An objection to this statement
might occur to the reader on the grounds that it should be expected, particularly at the more
distant ranges, say, 15,000 feet, that the surface reflection would be anomalous (Reference
18) thereby reducing pressures well below the level to be expected merely on the basis of
refraction theory. In fact, however, this does not occur; refraction causes peak pressure
to be decreased and the attack angle to be increased just sufficiently so that the region of
anomalous surface reflection does not commence until ranges at least greater than 15,000
feet are reached.

Surface cutoff times for depths near the water surface were also computed by refraction
theory. Comparison with the experimental data in Appendix A, however, suggested that
surface reflection effectively occurs at the troughs of ambient surface waves rather than
from the average water level; recall that ambient surface waves totaling nearly 10 feet
(crest to trough) were present at detonation time. This concept was, therefore, used to
determine surface cutoff times at a depth of 13 feet below the average water surface: the
results are shown as a function of range in Figure 4.4. Values at other depths can be
estimated roughly by assuming proportionality with respect to effective depth (i.e., depth
below the largest surface-wave troughs, or depth minus 5 feet).

The extent to which the above characterization of the direct shock wave is valid can be
illustrated by comparison with Project 3.4 pressure histories, secured at the EC-2 position.
A typical comparison is given in Figure 4.5; later portions of the experimental record are
dashed, because they are influenced by reflections from the EC-2.

An effort was made to characterize the bottom specularly reflected shock wave, near
the water surface, in a manner similar to that of the direct shock wave. The situation for
the bottom-reflected shock wave is, however, more complex than that for the direct shock
wave. In particular, the reader is reminded that beyond a range just short of DD-593 the
bottom specular reflection is preceded by a precursor that has quite different characteristics.
Attention is primarily confined to the specular reflection because this was, by far, the more
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significant with respect both to peak pressure and to the consequent ship response.
The attack angles made, at the water surface, by the bottom specular reflection were

computed from bottom contours and refraction theory as described in Appendix A. Results
are plotted in Figure 4.6 for each of the array lines shown in Figure 4.1. Experimental
confirmation was obtained, as shown in Figure 4.6, at EC-2 and DD-593 from arrival-time
measurements given in Appendix A.

Peak pressures, near the water surface, were computed along the major array lines
(Figure 4.1) for the bottom specularly reflected wave by the use of an experimentally
determined bottom-reflection coefficient and ray-path (refraction) theoretical calculations
as explained in Appendix A. These estimates are shown in Figure 4.7 together with experi-
mental data obta-ned from gages not deeper than 100 feet. They may be expect0d to char-
acterize the pressure jump occuring at the arrival time of the specular reflection in a rough
sense, although deviations from the pressure level shown in Figure 4.7 can exist over time
durations as long as several milliseconds. For example, there is no doubt that in the case
of the reflected wave at DD-593 position the initial pressure jump, lasting 2 to 4 msec, is
only about half of the pressure level given in Figure 4.7; this is suggested by the shallowest
measurement obtained by Project 1.5 (Reference 17) and will be discussed later in Section
4.2.

Surface cutoff times for the bottom-reflected wave were computed as Indicated in Appendix
A and were plotted as a function of range along the two major array lines at , water depth
of 13 feet; the results are indicated in Figure 4.8. Basically, the approach used here
paralleled that used for the direct shock wave. Estimates at depths other than 13 feet can
be made, therefore, by assuming proportionality with respect to depth below effective water
surface.

Bulk cavitation occurred in Shot Wahoo following both the direct shock wave and the
bottom-reflected shock wave. Observations on bulk cavitation were made from a movie
camera mounted on an RB-50 aircraft 22,000 feet above surface zero, from Project 3.4
response gages on the EC-2 and DD-593, and from free-water-pressure gages located at
various ranges near the water surface (Projects Li and 3.4).

A presentation of all measurements of cavitation reloading time, following the direct
shock wave, is made in Figure 4.9. Examination of this figure reveals that all types of
measurements show a remarkable consistency and fall on the curve shown. The results
which were derived from the movie film are explained in mc're detail in Appendix A. Figure
4.9 also includes the arrival times of the direct shoc!k-wave front itself.

A similar investigation of bulk cavitation reloadiz;g following the bottom-reflected wave
was carried out based on response measurements and on free-water pressure measurements;
in this case, no supporting evidence could be found from the aerial movie films. Table
4.2 lists all available data on cavitation reloading times. Since absolute times were not
available in all cases, the values listed are relative to reflected-wave arrival times at the
gage location. Remarks are entered in Table 4.2 concerning estinmtes of peak pressure
and attack angle characterizing the reflected wave at these positions; these will serve to
remind the reader that the measurements were secured along different array lines and that
no way of synthesizing the data is suggested.

Relatively little pertinent information is available from Shot Wahoo concerning loading
phases beyond the four significant phases described above.

No observations were obtained, during Shot Wahoo, of the behavior of the gas bubble
left in the water after detonation. However, simple theoretical estimates could be made
concerning its early behavior, say, up to a time of about 0.2 the period, and the resulting
mass flow of water near the water surface; as will be seen (Section 4.4) these estimates
provide an insight into the bodily motion of the surface ship Largets over a time period
between cavitation reloading, caused by the direct shock wave, and arrival of the bottom-
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reflected shock wave. No indication of a bubble pulse was found on Project 3.4 records.
It was known (Reference 14) that burst-generated water waves arrived at the EC-2

position: a 6-foot trough at about 24 seconds and, later, at least a 13-foot crest followed

by a 15-foot trough. Records from Project 3.4, however, do not allow a measurement of

the response of the target ship.

4.2 INITIAL HULL LOADING AND RESPONSE

When an incident- shock pressure wave impinges upon an underwater structure such as
a ship, a complicated interaction ensues; as the hull deforms inward under the influence
of the incident wave, the loading pressures are modified by the hull response. The initial
phase of this interaction is relatively well understood for some conditions; later phases of
the loading and response are complicated by the occurrence of cavitation in the water

adjacent to the structure.
The most easily understood interaction phenomena that were docurnitend in Shot Wahoo

are the interaction of the direct shock wave with the EC-2 attacked side, i.e., the side
iacing the attack, and the interaction of the sea-bottom-reflected wave with the EC-2
bottom. The initial phase of the loading and response can be investigated in these cases
by means of the Taylor theory (Reference 19). The simplified interaction model behind
this theory utilizes the assumptions that the pressure in the water adjacent to the structure
is controlled by plane-wave acoustic laws and that the structural response is controlled
only by the loading pressure and by the inertia of the hull section of interest; in both cases
it is Implied that the phenomena at neighboring sections do not influence those at the local
section of immediate interest. The equations appropriate for the slowly decaying shock
waves of present interest are essentially those for incident pressure waves whose histories
may be represented as step functions:

P r (-p c/m sinfi )tl
vplate - 2-M sinf - e1

W : loading 2pme (-p c/m sinaf )t

Whe re:

Vplate velocity response normal to plane of structure

Pleading loading pressure adjacent to structure

Pm •peak free-water shock-wave pressure at location of structure

0 angle bet-w-een incidcnt ray and tangent at structural element of interest

p = water density

c = sound speed in water

m mass/area of structure (plate)

t time measured from shock-front arrival time at location of interest

Naturally, these equations need modification in those cases for which surface cutoff times

(essentially terminating the shock wave) are less than the time it takes for the velocity to
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approach its asymptotic value to within, say, 5 percent. The maximum velocity predicted
by this theory when it applied to bottom structure is equal to the water particle velocity,
a quantity which is defined in Section 4.4.

In the case of the initial interaction of the direct shock wave with the EC-2 attacked side,
the only pertinent measurement was that of the velocity response of the side (VM-11). This
response measurement is therefore reproduced in Figure 4.10, with a rather expanded time
scale and is compared there with the theoretical estimate. The pertinent quantities utilized
in the theoretical computation were taken from Section 4.1 except for the plate weight per-
unit-area; this value was assumed to be 41.5 psi, because this represents an average weight
distribution of both shell plating and stiffeners. A glance at Figure 4. 10 indicates that the
experimental velocity is somewhat lower than the theoretical velocity. Some insight into
the reason for this is provided by noting that surface cutoff time at the gage position occurs
near the end of the steeply rising portion of the theoretical velocity history; clearly, sections
of the side above the gage position can achiuve only considerably smaller velocities, and
this may lead to a reduction in velocities at the gage position itself.

The interaction of the sea-bottom-reflected wave with the EC-2 bottom was measured
by a pressure gage attached to the hull just below the keel (PE-1) and by velocity meters
mounted to the inner bottom above the keel (VM-7 and VM-VA at a location corresponding
to PE-1, and VM-14 some distance away). Theoretical calculations were based on pertinent
quantities defined in Section 4.1 and on a weight per unit area, for the double-bottomed
structure, of 224 psf. This estimate averages out all the structural features in the double

bottom and takes into account the water ballast filling the double bottom to 75 percent. The
loading pressure phenomena are presented in Figure 4.11 together with the theoretically
calculated loading pressure based on the Taylor theory; an estimate of the incident pressure
history is also indicated. Considering the gross simplification made in the structural char-
acteristics of the double bottom, the comparison of theoretical and experimental loading
pressures in Figure 4.11 is considered fair. The possible reasons for the differences will
be discussed later.

The two velocity meters (VM-7 and VM-7A) mounted on the keel at a location correspond-
ing to PE-1 produced almost identical measurements and, therefore, only one Is used to
give a comparison of the experimental with the theoretical response In Figure 4.12. The
experimental record actually shows a response prior to the arrival of the shock front at
the gage position, due to precursor waves through the steel bottom structure; the response
level was small, however, and is neglected in Figure 4.12. Comparison of experimental
and theoretical velocity response, is, as for the loading pressure, only fair. Some further
insight into the validity of the theoretical assumption that structural restraint forces may
be neglected is provided by calculating the velocity which would result from the experimen-
Lal loading pressure (PE-1) if the assumption were true. Such a calculation is shown by the

dashed curve in Figure 4.12, based on the Impulse-momentum theorem and utilizing a weight
per unit area of 244 psf. The deviation between the constructed velocity history (based upon
the experimental loading pressure history and the impulse-momentum theorem) and the
experimental velocity history indicates that structural restraint forces can be strictly
neglected, at this location, only for a very short time and that, at times of the order of
2 to 3 msec after the commencement of the response, they play an appreciable role in
reducing the velocity below levels otherwise to be expected.

The fact that the Taylor theoretical response curve falls midway between the experimental
curve and the constructed curve, based on the impulse-momentum theorem, suggests that
the removal of such structural restraint forces would have resulted in a much better agree-
ment between the theory and experiment. Loading pressures would have been reduced and
velocities correspondingly increased. That the structural restraint forces actually became
prominent at such early times is undoubtedly due to the proximity of heavy weights in the
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engine room to the gage location. One velocity measurement (VM-14) was secured at a
location that was reasonably distant (about 6 to 7 feet) from heavy weights. Experimental
velocities measured by VM-14 and VM-7A are compared in Figure 4.13. Notice that VM-14
shows a greater rise time and a somewhat greater peak velocity than does VM-VA. Com-
parison of VM-14 with the Taylor plate theoretical velocity (dashed curve) indicates close
agreement.

When the shock pressure wave is incident upon a structural element at an angle g less
than about 70' , the Taylor theory is no longer a useful tool in making estimates of the
loading and response under long shock-wave attack conditions (Reference 6). Under such
conditions, diffraction processes in the water play a significant role in raising the loading
pressures at the point of interest above the level that would be expected merely on the basis
of considering the response of an isolated local section; a high-pressure region tends to
be found at relatively rigid portions of the ship structure, especially where the shock wave
is normally incident, e.g., the leading edge of the EC-2 bottom. In such cases an empirical
rule has been formulated to predict the peak velocity reached by the structural element
(Reference 6):

PM 1 + sin#•vm = 2 - i fl (z) f2 (ts/r)

pc 2

Where:

Vm = peak velocity of structural element normal to its plane

Pm =peak pressure

p = density of water

c = speed of sound in water

p = angle between incident ray and tangent at structural element of interest

f, (z) 1, for long shock waves of present interest

ts =surface cutoff time at point of interest

T = characteristic time

f= empirically determined function (Reference 6)

It is stressed that the rule is applicable only to certain bare structural elements of the
hull itself; as in the case of the Taylor theory, structural restraint forces are neglected.
The rule essentially coincides with the results of the Taylor theory in cases where the
incident angle 0 is greater than about 700. Pertinent measurements for the purpose of
checking the validity of these rules were obtained in Shot Wahoo for the interaction of the
direct shock wave with the EC-2 bottom and the interaction of the reflected wave with the
DD-593 bottom. As a handy tool for carrying out the detailed discussion, peak bottom
vertical velocities were estimated for a DD and for an EC-2 at a variety of hypothetical
horizontal ranges, both for the direct wave and for the sea-bottom-reflected wave; the
results are plotted in Figure 4.14. Values of the characteristic time T utilized in the
empirical rule were derived from References 6 and 20 and are 3.5 msec for the EC-2 and
1.2 msec for the DD. Corrections to account for variations in draft and differences between
end-on and side-on attacks were taken into account in accordance with Reference 8.
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The interaction between the direct shock wave and the bare hull structure of the EC-2

bottom in Shot Wahoo is best described experimentally by VM-14, which was located rela-

tively far from heavy masses. It is this measurement which must be used for comparison

with the empirical rule. The response measured by VM-14 is shown in Figure 4.15 where
it may be directly compared with the response of VM-7, a meter located close to heavy

masses. The experimental peak velocity, measured by VM-14 (13 to 15 ft/sec) compares
very well with that expected on the basis of the empirical rule derived from EC-2 model

experiments (Figure 4.14). The experimental peak velocity is, however, in excess of that
derivable from the Taylor plate theory (8.5 ft/sec) by about 65 percent; in this case the
Taylor plate velocity is equal to the water particle velocity.

The interaction of the reflected shock wave and the DD-593 bottom was measured in
Shot Wahoo at two locations along the keel. At Frame 120'/2, a pressure gage (PE-6) was

attached to the hull just under the keel and two vertical velocity meters (VM-14 and VM-15)

were attached to the bottom nearby. At Frame 821/2, corresponding measurements were
obtained from PE-3 on the one hand and VM-8 and VM-9 on the other hand. A comparison
of the response measurements obtained at each location by each pair of velocity meters
indicated very close agreement. Moreover, both the loading and response were similar

at the two locations. Therefore, the discussion is limited to the Frame 120/2 location
(PE-6 and VM-14). The loading pressure history measured by PE-6 and the velocity
history measured by VM-14 have been presented in Figure 3.7.

Now it will be noticed that both the loading and the response arising from the arrival
of the specularly reflected shock wave are superimposed on the loading and response

arising from the sea-bottom-precursor pressure wave. The first step in studying the
interaction resulting from the specular reflection was, therefore, to attempt to subtract
from the records the loading and response due to the predurnur. This was done simply by

subtracting the levels established by the precursor just prior to the arrival of the specular
reflection. The resulting velocity response to the specular reflection alone Is shown In

Figure 4.16. Also shown in Figure 4.16 is the velocity that would be expected at this
location based upon the loading pressure history (PE-6), the impulse-momentum theorem,
and the assumption that structural restraint forces played a negligible role In the inter-
action (the bottom weight per unit area was taken somewhat arbitrarily as 90 psf In accord-
ance with Reference 20). The close qualitative comparison between the two curves Indicates

that, indeed, structural restraint forces were negligible during the most Interesting phase
of the interaction, i.e., 4 to 5 msec; the degree of quantitative agreement depends on the

numerical value used for bottom weight, a more questionable value for the DD than for the
EC-2. It is, therefore, proper on a DD to refer to such locations as VM-14 and VM-8 as
bare hull structure.

The ch"arac,•r of the response history has been over looked thus far. Huwever, the -ibu
to a peak velocity does not occur smoothly but really consists of two separate rises spaced

about 4 msec apart. It was just this behavior that led to the confidence, expressed In
Section 4.1, that the free-water-reflected pressure wave at the DD-593 actually consisted
of two corresponding jumps. In order to simplify the presentation of the reflected-wave
characteristics, a gross treatment had been used, which ignored this complication; it was
implicitly assumed that the full pressure rise had occurred immediately upon the arrival
of this specular reflection. This same assumption was applied to the computation of the

peak vertical bottom velocities, based on model test results, shown in Figure 4.14.
The fact that structural restraints on DD-593 near the VM-14 locatiun are small up to

a time at which the full peak bottom velocity is reached makes meaningful a comparison
between the experimental peak velocity (1.5 ft/sec) and that pre"dicted in Figuere 4-.4- As

may be seen the comparison is close. The experimental peak velocity is, however, in
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excess of that which would be deduced upon the basis of the Taylor plate theory by about
25 percent.

When a long shock wave directly impinges on any portion of a ship's hull (not only a bare
hull section), the response in general depends not only upon the hull itself but also on the
presence of heavy equipments at, or nearby, the location of interest. As shown in the
preceding discussion, simple empirical tools allow at least the estimation of the initial
velocity response for certain bare hull sections. In the more general case, however, such
tools do not exist for nuclear bursts, although crude rules have been previously proposed
to account for the effect of the mass of attached equipment in the case of short shock waves
produced by HE attacks. Of course, the initial velocity response in the vertical direction
will tend to lie between an upper bound, given by the response of the bare hull, and a lower
bound, given by the vertical bodily velocity response of the ship as a whole, the latter type
of response will be discussed in a succeeding section. Whether these bounds provide suf-
ficient information for practical prediction methods depends on the degree of relative spread
between. them and the weight of the equipment in question.

The effect of equipments attached to the hull is more significant for the bottom than for
any other portion of the hull, and all information accumulated by Project 3.4 in Shot Wahoo
on ship-bottom peak vertical velocity responses is listed in Table 4.3. Note that the term
"velocity jump" is employed in Table 4.3, in referring to the initial velocity response;
this term (defined in Reference 20) refers to the change in velocity occurring over a rela-
tively short time (at most 6 msee in the present case) following upon the arrival of the
shock front at the location whose response is being measured. The purpose of its intro-
duction is to minimize the ambiguity which occurs because of the fact that structural and
sea-bottom precursor waves can arrive at the location of interest prior to the shock front
arrival. The numerical values of experimental velocity jumps listed in Table 4.3 clearly
do suggest a dependence of the velocity jump on the location of the gage.

Moreover, the experimental valueb listed in Table 4.3 suggest further tentative con-
clusions: (1) in the case of side-on attack the variation in shock severity across the width
of the bottom, from leading to trailing edge, is relatively small if it can be said to exist
at all (this remark applies to attack angles of at least 12°), and (2) in the case of end-on
attack the experimental measurements listed in Table 4.3 do not in themselves imply any
variation in shock severity along the length of the ship so long as the attack angle is greater
than about 300. Nevertheless, a comparison with C-2 model tests (Reference 8) suggests
that some weakening may well have taken place from the extreme stern to Frame 148, the
extreme aft position where a measurement was made; interpretation of the model results
for a DD would lead, within the range of present interest, to the prediction that peak bottom
velocity is reduced between the extreme stern and a position aft of Frame 148, and that
thereafter it remains about the same. This is in agreement with Figure 4.14.

An explanation of the interaction process between a shock wave and the hull is more
difficult in cases where the shock wave pressures are not transmitted to the location of
interest directly but are diffracted around interposing sections of the hull. In any case
the practical incentive to enter into this question does not exist; a glance at Figure 3.8
indicates, for example, that the peak velocity achieved at the shadowed side of the EC-2
is only about 10 percent of that of the attacked side in the case of an attack angle of 12'
and about 50 percent in the case of an attack angle of 81'.

4.3 EARLY VERTICAL SHOCK TRANSMISSION UPWARD THROUGH SHIP

The manner in which shock motions are transmitted from the hull upward through the
bulkheads and sides, and thence throughout the ship, is not well understood. Examination
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of the early portions of velocity records obtained at meters located upward along the ver-
tical centerline of bulkheads (Figures 3.11 and 3.12) suggest a few crude empirical con-
clusions for the case of nuclear attacks: (1) At a bulkhead, peak vertical velocities are of
similar magnitude regardless of location. (2) At a bulkhead, the time to reach peak vel-
ocity increases with height of location above the bottom. (3) At a bulkhead, initial average
accelerations decrease with height of location above the bottom by as much as a factor of
10, corresponding to the increase in time to reach peak velocity. The significance of these
observations from a fundamental physical point of view is by no means obvious; indeed,
the experimental presentation itself is beclouded because the EC-2 bulkhead is not continu-
ous above the second deck level (corresponding to the location of VM-4) and the DD-593
bulkhead structural material changes from steel to aluminum above the main deck level
(the location of VM-5).

The response measurements obtained in the EC-2 bulkhead (Frame 88) following the
Wahoo direct shock wave appear to offer at once the simplest situation and the best docu-
meated. With attention restricted to the continuous portion of tie bulkhead, the pertinent
measurements are once again shown in Figure 4.17 where a special attempt was made to
reproduce the details of the records faithfully. Moreover, in order to facilitate the under-
standing, the baselines of the measurements are located in such a fashion as to scale the
actual vertical distance of the gage location above the bottom. In this form of presentation,
therefore, the propagation front of an elistic signal traveling vertically upward through the
bulkhead can be represented by a straight line with a slope corresponding to the propagation
speed through steel (16. 6 ft/msec). Such a line is shown on Figure 4.17 with its origin
corresponding to the first shock-wave arrival at the bulkhead centerline.

It is, of course, not surprising to note that a response is measured in each case prior
to the time corresponding to shock-wave front arrival at the bulkhead centerline. These
responses are due to structural precursor waves, originating at the time corresponding
to shock front arrival at the leading edge of the ship. Precisely how the response at any
gage location builds up is complicated by the multiple paths over which signals of various
kinds can travel. However, it would appear that the main response is transmitted vertically
upward along the bulkhead.

Particularly interesting is the close comparison between VM-1 and VM-16A. VM-1 was
mounted to the inner bottom above the keel close to the bulkhead, whereas VM-16A was
mounted directly on the bulkhead centerline itself (Figure 3.15). Apparently, at least in the
case of such a massive double bottom structure as the EC-2 has, the response Is essentially
instantaneously transmitted, without distortion, from the double bottom to the bulkhead.

A close examination of the comparison between VM-16A and VM-4 suggests that the
longer rise time empirically observed for gages located higher up along the bulkhead is not
so much connected with the basic physical transmission of individual elastic waves upward
through the bulkhead as it is due to the relatively greater magnitude of the response to
structural precursor waves for higher as compared to lower positions. It is apparently
this effect that leads to the observed increase in rise time with height above the bottom.

4.4 BODILY MOTION OF SURFACE SHIPS

The gross, or bodily, motions that could bc determined from the response measurements
obtained on the target ships in Shot Wahoo were the vertical motion of the center of gravity
(heaving), pitching, nnd the horizontal motion of the center of gravity. Of these the first
was best documented and most significant.

The vertical responses measured in the targct ships show, in their initial and detailed
characteristics, a considerable dependence upon the precise location of the gage. However,
the gross response over relatively long periods of time is similar for nearly all gages.
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Indeed, a simple examination of a number of superimposed response measurements gives

a good impression of the overall vertical bodily motion of the target ships. Key evidence
in this respect has already been presented in Figures 3.13 through 3.16.

Examination of Figure 3.13 suggests that the vertical bodily motion of the EC-2 following

the direct shock-wave arrival is given typically by the gross characteristics of VM-16; this

record is reproduced in Figure 4.18. The main characteristics of the EC-2 vertical motion
following the direct shock wave may be described in simple terms as follows: an initial

velocity (8.5 ft/sec) is established and thereafter the velocity decreases at constant decel-

eration (2.3 g) until cavitation reloading (182 msec after shock wave arrival) brings the

velocity to about zero. This is emphasized by the idealized history shown by the dashed

curve in Figure 4.18.
Such a behavior was previously found (Reference 6) in small-scale UERD model tests,

and a simple physical concept was advanced. Bulk cavitation occurring in the water results

in the separation of a surface water layer from the main body of water. This surface layer
rises with an initial vertical velocity, and is thereafter subjected to a constant deceleration
due both to the body force of gravity and to the pressure difference between the top and
bottom surfaces of the layer; while a pressure of one atmosphere exists above the top sur-

face, a pressure that is essentially zero (vacuum) must exist at the bottom surface of the

layer. A cavitation reloading occurs when the layer is forced back upon the main body of

water. If the depth of the separation surface, i.e., the water layer thickness, is not less
than the draft of the ship, then a surface ship may simply be visualized as riding along
with the water layer.

It is an easy matter to see how the concept fits together with the behavior of the EC-2

in response to the Wahoo direct shock wave. The layer thickness h was computed from

the relation,

Ap= phA

Where:

A p = pressure difference (14.7 psi)

p = water density

h = layer thickness

A = portion of deceleration due to pressure difference (1.3 in the case of the EC-2
and the direct shock wave)

and a value of 25 feet was found. The water layer thickness was, therefore, about equal
to the draft of the EC-2. Although this is believed to be a matter of pure coincidence it,

nevertheless, means that the concept is applicable.

Continuing with the immediate discussion of the EC-2 bodily motion caused by the direct
shock wave, it is natural next to take up the question of its bodily displacement. The ver-

tical bodily displacement history of the EC-2 is shown in Figure 4.19; both the integral of
the experimental velocity history, VM-16, and the comp,!ted displacement corresponding

to the surface layer concept are shown. The agreement between these two curves is fairly
close; differences are largely due to the idealizations employed. While the surface layer

is following the motion indicated in Figure 4.19, the main body of water undergoes an up-

ward swelling controlled by the expanding gas bubble left in the water following the burst.

This upward swelling was computed, on the basis of the well-known incompressible fluid

flow treatment and is also represented in Figure 4.19; for this computation it was estimated
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that the bubble period was 5.0 seconds, and the maximum bubble radius was 400 feet.
Cavitation reloading must be expected when this curve intersects the displacement history
of the water layer; as shown this is to be expected at 209 msec after shock wave arrival.
This is in fair agreement with the experimental cavitation reloading time at the EC-2.

Subsequent to bulk cavitation closure, the motion of the EC-2 must follow the mass
flow of water controlled by the expanding gas bubble until the bottom-reflected wave
arrives; further events become too complex to allow simple estimates. Although no suf-
ficiently trustworth measurements were secured beyond the cavitation reloading time,

theoretical estimates of this phase of subsequent vertical motion of the EC-2 are shown in
Figure 4.20 as a matter of general interest. The overall estimates of the EC-2 motion
are indicated as solid portions; estimates merely pertaining to the mass water flow are
shown by dashed curves.

No further direct observations of the vertical bodily motion of target ships following
the direct shock wave in Wabhn are available; the bodily motion of the DD-593 resulting
from the direct wave could not be established. However, a number of plausible deductions

can be made.
In the particular case of Shot Wahoo it seems plausible that the water particle velocity

should represent a reasonable approximation to the initial bodily velocity; the thickness of

the water layer is small compared to length of the free-water shock wave. In order to
facilitate the discussion, therefore, the water particle velocity was computed for a variety

of ranges; results are shown in Figure 4.21. Water particle velocity vwp is defined by:

PM
Vwp = 2Pr- sinoa

Where:

pm = actual peak pressure near the water surface

a = attack angle near the water surface

p = water density

c = speed of sound in water

Quantities utilized in the computations were taken from Section 4.1. It is encouraging to

note that the experimental initial vertical bodily velocity imparted to the EC-2 by the direct
wave is in close agreement with the water particle velocity; this experimental value is
shown in Figure 4.21 by a point.

The bulk cavitation reloading times deduced, over a wide range, in Section 4.1 may be
used to compute surface layer thickness, if it is assumed that the Initial velocity of the

water layer equals water particle velocity and that the mass flow of water is controlled
by the expanding gas bubble. For this purpose it is convenient first to translate the abso-
lute cavitation reloading times (Figure 4.9) into times relative to shock-wave arrival; the

results are shown in Figure 4.22. The method of computing surface layer thickness was
identical to that previously illustrated for EC-2. Surface layer thickness estimates are
presented in Figure 4.23; the experimental value directly deduced from the EC-2 response
measurements is also shown there for comparison.

The sea-bottom-reflected wave gave rise to a vertical bodily motion of the EC-2, which
had a character similar to that caused by the direct wave; the typical record is that of VM-
16A shown in Figure 3.15. The initial vertical bodily velocity was 4.2 ft/sec, and the

deceleration was 1.7 g; in this case, no reloading could definitely be detected on the experi-
mental rebponse records. The peak bodily dis•placemnent caused by the reflected wave is
about 2 inches. Note (Figure 4.21) that the initial bodily velocity is somewhat less than the
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water particle velocity (5.2 L/see). Apparently, the burface layer concept is still applic-

able to this case; the layer thickness would be about 47 feet.
The sea-bottom-reflected wave caused a vertical bodily response of the DD-593, whieh

was obviously complicated by pitching (Figure 3.16). The character of the motion was
investigated by integrating the velocity histories and utilizing these to construct displace-

ment contours at various times (Figure 4.24). Clearly, the DD-593 vertical motion is
predominantly composed of heaving and pitching. If the pitching is characterized by the
relative displacement of the bow with respect to the center of gravity (Frame 103t/2), then
the pitching history is characterized by the dashed curve shown in Figure 4.25. The heaving
history (the vertical motion of the center of gravity) is characterized by the solid curve.

Further insight into the bodily motion of the DD-593 can be gained by replotting the
observed velocity histories in such a way as to line up the shock wave arrival times at the
various gage locations (Figure 4.26). To a first approximation, it appears that each section
of the. shin undergoes vertical bodily motion independently of the remaining sections. The
sea-bottom precursor wave produces a slowly rising heaving velocity, which reaches about

0.4 ft/sec just prior to the arrival of the specular reflection wave front. The specular
reflection wave, causing an increment in velocity of about 1.3 ft/sec, establishes an initial
bodily velocity of about 1.7 ft/sec followed by a constant deceleration slightly in excess of
1 g, until cavitation reloading 83 msec later. Although it is clear that the surface layer
concept is meaningless in this case, it may nevertheless be observed that the incremental
initial bodily velocity is about equal to the water particle velocity (1.2 ft/sec) at the DD-593
position (Figure 4.21).

The vertical bodily response produced in surface ships by bulk cavitation closure, or
reloading, can be estimated crudely for the EC-2, following the direct wave (Figure 3.13),
and for DD-593, following the bottom-reflected wave (Figure 4.26). At the EC-2, it
appears that reloading from bulk cavitation closure, following the direct wave, gave rise
only to an insignificant response; the incremental bodily velocity was about 0.5 that caused
by the direct shock wave, itself; the average, acceleratior, accompanying the velocity in-
crement was only about 0.2 to 0.3 that accompanying the velocity rise caused by the direct
shock wave. The DD-593 response caused by bulk cavitation closure, following the bottom-
reflected wave, was appreciable; both incremental bodily velocity and accompanying accel-
erations were about equal to the corresponding responses caused by the specular reflection
shock wave.

The available evidence on horizontal bodily motion of the target ships is limited to the
EC-2 and the direct shock wave. Two horizontal velocity meters were located on a bulk-
head, one near the vertical center of gravity and one up in the superstructure, and the

records secured are shown in Figure 3.17. VM-15 shows a superimposed vibration, with
a natural frequency of about 40 cps, which completely obscures the horizontal bodily motion
of the ship; VM-17 shows a motion which, although it has possible shear and rolling com-

ponents superimposed, is believed to be much closer to the actual horizontal motion of the
ship itself. It is therefore estimated that the peak horizontal velocity of the EC-2 gener-
ated by the direct shock wave was about 6 ft/sec, or 70 percent of the peak vertical bodily
velocity. The horizontal bodily motion of the EC-2, however, obviously has a character
different from that of the vertical motion. For the first 30 msec, or so, following shock
wave arrival, the ship acquired a horizontal velocity away from the burst with a maximum
magnitude of 6 ft/sec. Subsequently, the ship acquired a velocity toward the burst, which
was about equal in magnitude to that previously measured away from the charge. At the
end of the movement away from the burst, the ship had attained a horizontal displacement

of 1 inch, about 20 percent of the peak vertical bodily displacement.
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4.5 HULL DAMAGE

The only appreciable hull damage on the EC-2 occurred on the starboard (attacked) side1
Starboard frame deformation was measured about 9 feet below the water surface (Figure
3.18). The character of the attacked side-frame deflection history may essentially be
summarized thusly: an initial peak defleciton of 2.4 inches was achieved in about 15 msec
following the shock wave arrival, and an outboard movement then ensued, which reduced
the deflection lvel. to about 1.2 inches. The level deflection shown by the deflection gages
after the response to the shock wave agrees very well with the set deflection measured
from these gages after the test. This implies that the EC-2 hull damage was caused
essentially by the shock wave alone. The maximum set deflection of the attacked side
frame was approximately 1.2 inches.

The above description of the deflection history is strikingly similar in general character
to that applying to previously tested small-scale C-2 models (Reference 6). Quantitatively,
the peak deflections dm measured in the attacked side of the EC-2 may be compared with
the energy density rule suggested by the C-2 model tests. The constant used in the rule
depends upon the vertical span length of the frames between bottom and top restraints in
the manner described in Reference 6. Taking account of the greater span in the EC-2
(25 feet) side frames than in the C-2 (17.5 feet), the rule becomes:

dm (inches) = 0.32E (ft-lb/1n2)

where E is the incident shock-wave energy flux density at a water depth midway to the inner-
bottom level, the depth at which the MD gages were located. Tils choice of depth roughly
averages the energy density delivered to the entire span.

The evaluation of the measured free-water pressure histories carried out in Section 4.1
allows the estimate of the incident shock-wave energy flux density at a depth of 9 feet,
shown in Figure 4.27 as a function of range; similar estimates are made for 13-foot depth
and for the reflected wave for future comrenience. Use of Figure 4.27 indicates that the
energy density at the EC-2 position at a depth of 9 feet is 9.1 ft-lb/in2. The application of
the rule therefore yields a predicted peak deflection of 2.9 inches. Considering that a much
more appreciable fraction of the total deformation energy is probably represented by plate
dishing when the frame deformation is small than when It is large (as it was, relatively, in
the model tests), this is an excellent agreement with the measured peak deflection (2.4
inches).

Since operational significance can only be attached to set deflections, it is useful to have
a relationship between peak deflection and set deflection in order to apply the energy-density
rule in practice. The previous small-scale model Investigation (Reference 6) had indicated
a very simple relationship between these quantities. Of particular Importance was the ob-
servation that the value of set deflection depended only upon the peak deflection and in no
way depended upon the precise manner in which this peak deflection came about. The em-
p irical formula relating these two quantities was translated to full scale and is represented
in Figure 4.28 as a dashed straight line; the behavior for small values of deformation must
be considered unreliable because of experimental inaccuracies on the model scale. The
experimental behavior found for the EC-2 is represented in Figure 4.28 as a point of the
solid curve and is considered to be the best present estimate of the relationship between
peak and set deflection for the side frames of merchant ships. This estimate, of course,
ignores what are thought to be small differences between such slightly different ship types
as EC-2 and C-2.

The survey (Figures 3.20 and 3.21) of the final EC-2 hull damage produced the following
highlights. The maximum side frame deformation occurred at about the MD gage locations;
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the frame deformation decreased above and below this location until it roughly vanished at
the inner-bottom and second deck levels. Structural attachments to the attacked side re-
duced the deformation; this was noticeable at the bulkheads, at the forward water tanks
(engine room) and even at the flat in the after portion of the engine room. The shell plating
dished between the side frames; the amount of this dishing appeared to increase with depth
below the water surface until the inner-bottom level was reached (Figure 3.23). Just above
the inner bottom, the maximum dishing at the hull plating amounted to about 1 inch between
frames.

4.6 ESTIMATION OF DD-474 AND DD-592 RESPONSE

Although the DD-474 and DD-592 response histories were not obtained in Shot Wahoo
either by Project 3.4 or by any other project, certain gross motions that these ships must
have undergone can be estimated. The effort in this regard was concentrated on the ver-
tical heaving response of the center of gravity of the ships; this response is assrciated with
the bulk cavitation resulting from the attack. In each case, only the predominant response

associated either with the direct or reflected shock waves was considered. Idealized ver-
tical bodily (heaving) velocity histories were constructed: first, .by estimating the initial
bodily velocity; second, by estimating the deceleration; and, third, by estimating the cavi-
tation reloading time.

To some extent these estimates could be checked by computing the shock spectra cor-
responding to the estimated velocity histories, in the manner described in Section 2.3, and
comparing these computational results with Project 3.3 measurements of the maximum
response of reeds in the shock spectrum recorders installed on the ships (Reference 21).
Although the electric motor drive installed to separate the reed responses produced by
successive shock pulses, failed to operate, Project 3.3 nevertheless obtained maximum
reed displacement measurements.

The DD-474 was subjected to the direct shock wave and to a bottom-reflected shock
wave arriving 793 msec later. Of these it is sure (Figure 4.21) that the direct shock wave
produced the stronger response. The initial vertical bodily velocity of the DD-474 following
the direct shock wave is estimated to have been 5.2 ft/sec. It seems reasonable to believe
that the surface layer concept is valid at the location of the DD-474 for the direct shock
wave; therefore, it is estimated that the vertical bodily deceleration was 3.9 g and that the
reloading time was 78 msec (Section 4.4).

Some rough confirmation of these estimates could be gained by comparing the correspond-
ing computed shock spectrum with those spectra measured by Project 3.3 shock spectrum
with those spectra measured by Project 3. 3 shock spectrum recorders with reeds having
natural frequencies from 20 to 450 cps. The records in Reference 21 were examined and
those that most likely reflect the vertical bodily response of the ship are plotted in Figure
4.29. A typical record was obtained at Frame 921/2 by a shock spectrum recorder mounted
to the foundation of the flex plate (Project 3.3, Position 19). A comparison of the computed
shock spectrum corresponding to the idealized velocity history estimated above with the
typical shock spectrum measured by Project 3.3 is given in Figure 4.30. In considering
these results it should be kept in mind that calculations and measurements, although each
referring to the same natural frequencies, pertain only to a discrete set of natural frcquencies.
Straight lines connect the points for reading convenience and have no other significance.
The comparison is considered to be fair and provides some qualitative reassurance as to
the estimated bodily motion. However, it must be stated that the measured spectrum may
reflect a superposition of responses to both direct amid reflected shock waves, because reed
response was only lightly damped. This superposition is more significant for the lower
than for the higher frequency reeds. Moreover, the computed shock spectrum is not
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particularly sensitive to the value of deceleration used but is, on the other hand, sensitive,

at higher frequencies, to details of velocity changes that were idealized as jumps. Thus,
only an order of magnitude check is involved.

The DD-592 was subjected successively to the direct shock wave and to a bottom-reflected

shock wave arriving 677 msee later. In this case it was clear that the response to the bottom-
reflected shock wave was predominant. A peak vertical bodily velocity of 2.2 ft/sec could
be estimated from Figure 4.21. It is, however, by no means clear that the surface layer
concept is in any way applicable to the DD-592 following the reflected wave arrival. Never-
theless, a crude estimate of 1.3 g was derived from the available experimental data for
vertical bodily deceleration. The cavitation reloading time, similarly uncertain, was

crudely estimated to be 105 msec.
The Project 3.3 shock spectra considered most apt to reflect the vertical bodily motion

of the ship as examined, and the data ic -reproduced in Figure 4.31. A typical shock
spectrum was obtained from a shock spectrum recorder located at Frame 1061/2 and mounted
to the foundation of the reduction gear (Project 3.3 Position No. 21). A comparison of the
shock spectrum, computed from the idealized estimated vertical bodily velocity history,
with the typical Project 3.3 measurement is shown in Figure 4.32. The degree of compari-
son gives some grounds for reassurance concerning the correctness of the estimate, but
again the comparison is not straightforward. The measured shock spectrum reflects a
superposition of responses to both direct and reflected shock waves; the computed shock
spectrum is rather insensitive to values of deceleration. On the whole, it must be said that
the estimates for DD-592 are less reliable than those for DD-474.

4.7 LETHAL HULL DAMAGE RANGES

The close correlation of the EC-2 hull damage sustained in Shot Wahoo with small-scale

model EC-2 tests previously conducted by UERD (Reference 6) allows the lethal hull damage
range for merchant ships (EC-2), under Shot Wahoo conditions, to be estimated with some

confidence. Corresponding information for destroyer targets is not available. However,
plausibility arguments, based on the concept that hull damage is controlled by energy flux
density, allow interim conclusions concerning lethal hull damage ranges for DD's.

For merchant ships, it appears that side--frame deformation is a controlling feature in

estimating overall hull damage from an operational point of view. Lethal hull damage can
be said to occur only when the hull is ruptured to an extent sufficient to lead to uncontrollable
flooding of the ship. General experience in the field, however, indicates that hull rupture
is not a suitable criterion for use in general predictions, since it depends upon many detailed
features that are unknown to the experimenter. For this reason, a set deformation of the
side frame at a level midway between the water surface and the inner bot~om is chosen as
a measure of the operational significance of merchant ship hull damage. The criterion
selected is that a side frame deformation of at least 18 inches is lethal. This corresponds
to a peak deflection (Figure 4.28) of 23 inches and a corresponding critical value of the
energy flux density of about 75 ft-lb/in2 at a depth of 9 feet below the water surface.
Reference to Figure 4.27 indicates that a horizontal range of 1,100 feet, or less, lethal hull
damage will be caused to merchant ships under Shot Wahoo conditions. It is stressed that
this estimate of the lethal hull damage range does not depend critically upon the precise
value of the criterion used to translate a set frame deformation into terms of operational
significance. For example, if a 12-inch set deflection criterion had been utilized, a similar

line of reasoning would have led to an estimated lethal hull range of 1,300 feet or less under
Shot Wahoo conditions.

Basic experimental data on lethal hull damage ranges for destroyers is lacking, at least
for deep underwater nuclear bursts of the Shot Wahoo type. However, it is believed that the
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energy flux density concept is also applicable to destroyers and indeed there is some
qualitative evidence of this as a result of an evaluation carried out for Shot Baker of
Operation Crossroads in Reference 22. Numerical values derived in this British evaluation
are not used here because of reservations as to the validity of the free-water-pressure
estimates applied to the Shot Baker damage results.

Plausibility arguments can be used to derive a lethal hull range for DD's. Bottom
deformation adjacent to the keel is considered to be the most significant feature of hull
damage for DD's. Damage to the DD bottom may be roughly compared to damage to the
EC-2 side; previous studies (Reference 23) suggested that, for long shock wave attacks,
damage was essentially independent of the angle of incidence of the attack except insofar
as this influenced the energy density itself. The concept of damage mechanism developed
in Reference 6 suggested that the degree of damage was directly proportional to span length
and inversely proportional to the yield stress. In comparing the DD bottom with the EC-2
side it is clear that the effective DD span length (a somewhat indefinite quantity for the DD)
is less than for the EC-2 side and that, moreover, the high-tensile steel used for the DD
bottom has a higher yield stress than the medium steel employed for the merchant ship's
sides. These considerations suggest that a given energy flux density will produce less
deformation in the DD bottom than in the EC-2 side. On the other hand, it seems reasonable
to suppose that the critical value of hull deformation, for lethal hull damage, is less for the
DD bottom than for the EC-2 side. In the absence of guides for weighing these opposing
effects it was decided to assume the lethal hull range for DD's was the same as for tile EC-2.
This somewhat arbitrary decision led, incidently, to a choice of critical energy flux density
for DD's of about 150 ft-lb/in2 at a depth of 13 feet below the water surface (DD keel depth).

Lethal hull damage ranges (to midships) are considered to be roughly independent of the
ship orientation to the attack. Any tendency in an end-on attack for midship damage to be
less than that for a side-on attack at the same midship range is probably compensated for
by relatively greater damage at the attacked end simply due to the fact that shock wave
severity at the attacked end will be greater than at midships in accordance with the cor-
responding difference in ranges.

The estimates of lethal hull damagc ranges given above are controlled entirely by the
direct shock wave. Under Wahoo conditions, the reflected wave has no influence whatsoever
(Figure 4.27). Surface waves generated by the burst are not expected to have any appreci-
able influence; the surface wave height (crest to trough) at 1,100 feet is judged to be about
60 feet on the basis of the 28-foot measurement secured (Reference 14) at the EC-2 position.

4.8 SAFE HULL DAMAGE RANGES

Safe hull damage ranges under Wahoo conditions can be estimated for merchant ships
(EC-2) and destroyers in a very crude way. For this purpose, maximum safe damage Is
defined arbitrarily to be that amount that was sustained by the EC-2 as a result of the test.
Some justification for considering that this degree of damage is safe Is gained by noting
(Figure 3.21) that tugs employed to handle the EC-2, before and after the test, produced

damage, clearly unconnected with test damage, of a level comparable to that produced by
the nuclear burst itself. By definition then, safe hull damage ranges for merchant ships
under Shot Wahoo conditions are, in round numbers, 2,400 feet or greater.

To estimate safe hull delivery ranges for DD's, the same plausibility arguments followed
in Section 4.7 for estimating lethal hull damage ranges are applied. Under Wahoo conditions
then, the minimum safe delivery range for destroyers, from the standpoint of hull damage
alone, is 2,400 feet, which leads to a choice of critical energy flux density for DD's of
about 15 ft-lb/in2 at a depth of 13 feet below the water surface (DD keel depth).
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Under the definition used above, the minimum safe delivery range for DD's is controlled by
the shock wave alone; the bottom-reflected wave has no influence (Figure 4.27).

TABLE 4.1 ARRAY AT DETONATION TIME, SHOT WAHOO

Horizontal Distance
Ship from Surface Zero Orientation t

to Center of Ships '
feet degrees

EC-2 (SS Michael Moran) 2,350 11
YC-1 3,400 -
YC-4 2,000 -
DD-474 (USS Fullam) 2,900 2
DD-592 (USS Howortb) 4,850 -9
DD-593 (USS Kilien) 9,100 -6
DD-728 (USS Mansfield) 15,150 -
SSK-3 (USS Bonita) 18,450
DD-886 (USS Orleck) 30,900

* Taken to nearest 50 feet.

t Angle of ship heading (positive Jiockwise) from nominal
orientation shown in Figure 4.1.

TABLE 4.2 MEASURED BULK-CAVITATION RELOADING TIMES FOLLOWING
THE REFLECTED SHOCK WAVE, SHOT WAHOO

Values are relative to specularly reflected wave arrival times.

Horizontal Range Experimental Relative
Array from Surface Zero Bulk-Cavitation Re- Remarks

loading-Time

feet msec

29 3,400 141 * Pm 185 psi, a = 69*
155 15,150 45 - 48 Pm 76 psi, a = 13'
248 9,100 Sit pm 95 psi, a = 25'

* Project 1.1. t Project 3.4.
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TABLE 4.3 INITIAL VERTICAL VELOCITY JUMP, BOTTOM HULL, SHOT WAHOO

Gage Location Experimental Velocity Jump (ft/sea)
Centerline Location Off CenterlIne Location

EC-2, Direct Shock Wave

Frame 98; Stbd (VM-9, 9A) 13.8, 13.4
CL(VM-7, ?A) 12.3, 11.7

Port (VM-8) 11.8
Frame 921/•; near CL(VM-14) 13.8
Frame 88; Stbd (VM-3) 9.7

near CL(VM-1) 9.9

Port (VM-2) 9.6

EC-2, Sea-Bottom-Reflected Wave

Frame 98; Stbd (VM-9, 9A) 3.3, 3.3
CL(VM-7, 7A) 4.4, 4.6

Port (VM-8) 3.3
Frame 92/2; near CL (VM-14) 4.5
Frame 88; Stbd (VM-3) 3.5

near CL(VM-1) 3.3
Port (VM-2) 3.0

DD-593, Sea-Bottom-Reflected Wave

Frame 148, CL(VM-16) 1.6
Frame 1201/2, CL(VM-14) 1.5
Frame 119, near CL(VM-15) 1.5

Frame 82/2, CL(VM-8) 1.4
Frame 81, near CL(VM-9) 1.5
Frame 72, CL(VM-2) 1.5
Frame 18, CL(VM-i)
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Figure 4.12 Interaction between reflected wave and EC-2 bottom, velocity response, Shot Wahoo.
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Figure 4.14 Vertical bottom velocity estimates for hare hull section, Shot Wahoo.
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Figure 4.30 Comparison of computed shock spectrum with typical

shock spectrum measured by Project 3.3 for DD-474, Shot Wahoo.
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Chapter 5

RESULTS, SHOT UMBRELLA

5.1 PRELIMINARY REMARKS

During Shot Umbrella, records were obtained from all instrumented ships: DD-474,

DD-592, DD-593, and the EC-2. The records for the most part were of good quality for

the time period of major interest. The chief difficulty experienced was with the EC-2

records which, although of good quality for the time of chief interest, were unreadable

after about 1/3 second from the direct shock wave arrival. This recording difficulty appar-

ently arose because of early bottoming of the air-ride springs supporting the instrumenta-

tion platform and later shock damage (loss of electrical contact) to the batteries (not placed

on the platform) powering instrument relays.

Representative examples of the records obtained from the EC-2, DD-474, and DD-592

are shown in accordance with a scheme similar to that used to exhibit the Shot Wahoo test

results (Chapter 3). I-owever, records obtained from DD-593 (all were velocity measure-

ments) are omitted; the maximum velocity measured (0.25 ft/see) was too low to have any

significance, and the velocity histories were obscured by the natural frequency of the meter.
All records have been fully corrected in accordance with the procedures outlined in Section

2.3, and therefore represent physical measurements rather than raw data.

5.2 EFFECTS OF OVERALL RANGE OF UNDERWATER PHENOMENA

An overall impression of the effects of all observed underwater phenomena may be

gained by glancing at Figures 5.1 through 5.3. The main phases of the loading and response

are marked in the figures: a lagoon-bottom precursor pressure wave, the direct shock

wave, a cavitation reloading subsequent to the direct shock wave, and the response of a

slip (DD-474) to surfacewaves generated by the explosions.

Of these, it is clear that the direct shock wave is most significant. For this reason

the few free-water pressure measurements obtained by Project 3.4 are shown on a greatly

expanded time scale in Figures 5.4 and 5.5. Note that in the case of the EC-2 (Figure 5.4)

pressure gages, portions of the free-water pressure histories may be distorted by reflections

from the ship. In view of the relatively poor low-frequency response of Project 3.4 pressure-

gage recordings, only pressures in excess of the precursor pressures are plotted. In those

cases where measurements were obtained by Project 1.1 at identical locations, a satis-

factory degree of agreement with similarly treated Project 1.1 measurements was achieved

(Reference 16).

5.3 HULL LOADING AND HULL RESPONSE

The hull loading and hull response of the EC-2 immediately prior to, and immediately
following, the arrival of the direct shock wave are illustrated in Figure 5.6. A free-water

Pressure record is also shown (dashed curve) for general comparison in Figure 5.6; an

appropriate time shift was employed so that the rise time would coincide with that of the
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loading pressure. Similar examinations of the early hull loading and response are made
for DD-474 and DD-592 in Figures 5.7 and 5.8, respectively.

5.4 CROSS-SECTION DISTRIBUTION OF INITIAL HULL LOADING AND RESPONSE

The velocities and loading pressures measured over a cross section of the EC-2 hull
just prior to and just following the direct shock wave are shown in Figure 5.9. Notice that

in many cases the velocity records show large precursor effects, not only due to the lagoon-
bottom-reflected wave but also due to structural-reaction waves in the target ship, arriving
at a particular gage position prior to the arrival of the direct shock wave front itself.

Similar comparisons for the DD-474 and DD-592 are given in Figures 5.10 and 5.11,

respectively. In examining these figures it should, of course, be realized that the DD-474
was attacked end-on whereas the DD-592 was attacked side-on.

5.5 LONGITUDINAL DISTRIBUTION OF INITIAL HULL LOADING AND RESPONSE

The EC-2 and DD-592 were attacked side-on. Under these conditions a systematic
variation in the longitudinal distribution can hardly be expected. However, it is Interesting

to examine the experimental evidence from the viewpoint of examining what differences
arise merely from the exact location of the gage along the structure.

The EC-2 was instrumented by Project 3.4 only in the engine room and Hold 3; there is
thus no information leading to a comparison of the response of the EC-2 along the entire
length of the ship. However, the effect on bottom velocities of the exact location of the
velocity meter in relation to heavy masses along the bottom of the ship is shown in Figure
5.12. It is stressed here that: VM-7A was located close by large machinery masses, VM-

14 was located in an open area of the bottom (relatively far away from large weights), and

VM-1 was near a bulkhead and only a few feet from the large ballast mass in Hold 3.
DD-592 was instrumented by Project 3.4 along nearly its entire length. It, therefore,

provides further examples of the variation caused in bottom velocities merely by the pre-
cise location of the meter along the hull structure. Such examples are given in Figure 5.13.

DD-474 was attacked end-on, and a systematic study of the resultant variation in loading
and velocities is given in Figure 5.14.

5.6 RESPONSE DISTRIBUTION UPWARD THROUGH SHIP

An indication of the great differences in the early phase of the response upward along
the bulkhead of the EC-2 is given in Figure 5.15. A similar study of the early response
distribution up the bulkhead of the DD-474 Is given in Figure 5.16. The DD-592 is omitted

because of the low response levels.
In Shot Umbrella some evidence was obtained concerning the mechanism by which shock

motions are transferred from bulkheads (and from sides) to deck platings. This is illus-
trated in Figure 5.17 over longer time periods chosen to illustrate the flexural motion of
the deck.

5.7 BODILY MOTION OF TARGET SHIPS

Some insight into the bodily motion of the target ships may be gained in Shot Umbrella,
as it was in Shot Wahoo, simply by comparing the responses measured at representative

locations.
The vertical velocities measured at various representative locations on EC-2 resulting

from the direct shock wave are reproduced over a long, timp interval in Figure 5.18. Vertical
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displacement histories of the EC-2 measured at various locations are shown in Figure
5.19. In addition, a typical velocity record (VM-4 from Figure 5.18) was integrated and
is also shown in Figure 5.19 to demonstrate the degree of consistency between Figures
5.18 and 5.19.

A similar examination of the measurements secured on the DD-474 can be made by
reference to Figures 5.20 and 5.21. Again, typical velocities were integrated and are
shown in Figure 5.21 to demonstrate the comparison with displacements at nearby locations.

An examination of the response measurements obtained from DD-592 is not profitable
in terms of establishing bodily velocities, by reason of the small response levels and the
short reloading time.

Horizontal velocities measured on the EC-2 are shown in Figure 5.22. Note that the
VM-15 has a large superimposed vibration that obscures the bodily motion.

Horizontal velocities secured in the DD-592 were too small to allow a reasonable
interpretation of horizontal bodily motions.

5.8 DEVELOPMENT OF HULL DAMAGE IN EC-2

Deflection gages were installed in Hold 3 of the EC-2 to measure the development of
side-frame and bottom deformation. A special effort was made to attach the support end
of the gages as rigidly as possible to an integral element of the ship (Figure 2.19). During
Shot Umbrella, no motion-picture films were attempted, nor were any shell-plating strain
measurements attempted.

The developinent of hull damage in the EC-2 was very similar to that observed during
Shot Wahoo. The deflection histories measured at the shock wave phase are shown In
Figure 5.23. In comparing MD-2 with MD-4, recall that MD-4 was attached to the side
frame next to the engine-room bulkhead and to the first port bulkhead stiffener; therefore,
it measured side deformation on the attack (port) side very close to the bulkhead. Set
deflection measurements obtained at the deflection gages themselves are also shown in
Figure 5.23.

5.9 FINAL HULL DAMAGE

Hull damage on the EC-2 as a result of Shot Umbrella was slight and very similar in
character to that founa after Shot Wahoo. A damage survey was conducted in accordance
with the description given in Section 3.9, and the results for the attacked side are presented
in Figures 5.24 and 5.25 (following the same scheme as described in Section 3.9).

The general damage picture in the EC-2 was essentially the same as that after Shot
Wahoo; however, previous damage was, of course, accentuated.

Divers were again requested to examine the bottom of the EC-2. On this occasion they

were provided with a rule and straight edge and requested to measure any bottom-plating
dishes. With one exception, they reported that bottom-plate dishes between floors (or
frames) did not exceed '/4 to '/, inch (Holds 2, 3, 4, and the engine room) and at the ends
of the ship (Holds 1 and 5) were too negligible to be measured. The single exception was
a local dish at about Frame 120 toward the port edge; here a series of lobes measured
about 11/2 inches in depth.

An examination of the DD-474 revealed no hull dishing that could definitely be ascribed
to Shot Umbrella.
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Chapter 6

DISCUSSION, SHOT UMBRELLA

6.1 PRELIMINARY REMARKS

Shot Umbrella was detonated, at a burst depth of 150 feet, at the site indicated in
Figure 1.1; the device was placed on the lagoon bottom. A yield of about 10 kt was con-

firmed by radiochemical analysis of water samples to within sufficient accuracy for present
purposes. It was assumed, as for Wahoo, that the underwater effects of this burst were
equivalent to those of 6.7 kt of TNT exploded under the same conditions (Reference 11).
Sea conditions just prior to detonation time were roughly comparable to those prevailing
for Shot Wahoo. The fiducial timing signal supplied by EG&G was estimated to be available
at the recording equipment within approximately 2501Asec of detonation; for the purposes of
the present report, therefore, the fiducial timing signal represented detonation time.

The underwater pressure and ship response measurements obtained from Shot Umbrella
are summarized in Figure 6.1, which also shows key elements of the test array. The
project which obtained the results is indicated by number after each type of measurement.
Other observations of direct interest to Project 3.4 were also made. It was estimated
that isothermal conditions prevailed in the lagoon and that the speed of sound in the water
was 5,050 ft/sec. Motion-picture coverage of the accompanying surface phenomena was
obtained (Reflerence 13). Specific observations were made of the water waves produced by
the underwater burst in the area of the test array (Reference 14). A survey of target ship
damage was made following the test, both equipment damage (Project 3.8, Reference 15)
and hull damage (Projects 3.8 and 3.4).

The horizontal distance and heading of the target ships of interest to Project 3.4 were
determined in two ways: (1) an aerial photographic survey of the target array made prior
to shot time and (2) shock wave arrival time measurements at the ships. Application of the
second method is discussed in Appendix B. Evaluation of available data led to the estimates
listed in Table 6.1. The ship headings, or orientations, are expressed in terms of rotation
from the nominal headings, indicated in Figure 6.1.

Prior to analysis of the loading and response measurements obtained by Project 3.4,
an effort was made to adapt Program 1 phenomenological data to a form convenient for
application to surface ship targets. The necessary information was supplied by Project
1.1 prior to final publication of its own analysis. The main results of the Project 3.4
evaluation are presented in this section; detailed justifications are presented in Appendix B.

During Shot Umbrella, the most significant underwater loading phase, insofar as effects
on surface ships are concerned, was the direct shock wave (Figures 5.1 through 5.3). At
the target ships instrumented by Project 3.4, other loading phases were, however, noticeable:
the lagoon-bottom precursor pressure wave and the bulk cavitation following the direct
shock wave.

The evaluation of the free--water pressure data had the objective of characterizing the
direct wave, near the water surface, as a function of range from surface zero. This
characterization was accomplished by a description of attack angle, peak pressure, and
pressure decay with time.
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The attack angles a made at the water surface by the direct shock wave front could not
be meaningfully estimated from the experimental arrival-time measurements because of
the shallow angles of attack and the associated inaccuracies. Consequently, the nominal
geometric attack angles are accepted.

The evaluation of the experimental data (Reference 16) concerning the variation of peak
pressure near the water surface with horizontal range from surface zero is shown in Figure
6.2. Peak pressures measured by Project 3.4 are also shown and indicate a good agreement
with this evaluation of Project 1i data. The peak pressures represent shock-wave pres-
sures: these are essentially absolute overpressure, since precursor pressures were rela-
tively small. Peak pressures vary little with depth, at least down to depths of about 30
feet, the maximum depth of Project 3.4 interest.

Experimental pressure histories near the water surface are of short duration and, for
the most part, have the shape illustrated in Figure 6.3. A key quantity characierizing iet
shape is the equivalent decay time constant, suggested by a comparison with free-water
shock waves produced by HE charges. For simplicity two types of approxinmation were
used, as illustrated in Figure 6.3, for the equivalent decay time constant: a lower bound,
6 e' matching the duration, or surface cutoff time, and an upper bound, 0 u, matching the
initial slope. Naturally, at any given range from surface zero the equivalent decay time
constant varies with depth below the water surface; evaluations of this variation for both
types of approximation are given in Figures 6.4 and 6.5. The consequent variation of decay
time with range is indicated, for depths of 13 and 22 feet, in Figure 6.6.

Bulk cavitation occurred following the direct shock wave. Observations on bulk cavitation
were made from movie cameras mounted on an RB-50 aircraft 25,000 feet above surface
zero, from free-water pressure gages (Project 1.1) located at various ranges near the
water surface, and from Project 3.4 response gages located on the key target ships.

A presentation of all measurements of bulk cavitation reloading time is given in Figure
6.7. A detailed description of the movie film analysis is given In Appendix B. Examination
of this figure reveals that all types of measurement show a remarkable consistency and
fall on the curve shown. The dashed curve, representing the direct wave arrival times,
is included in Figure 6.7 in order to orient the reader.

Some pertinent information was available concerning phenomena other than the under-
water loadings. Water waves generated by the burst were measured at the DD-474 position;
these consisted of an 11-foot crest at about 21 seconds, then an 11-foot trough at about 30
seconds, followed by smaller waves (Reference 14). Measurements of the corresponding
DD-474 bending strains were obtained by Project 3.4.

An analysis of the Project 3.4 records obtained on the EC-2,DD-474, and DD-592 was
carried out in such a fashion as to obtain information concerning the interaction of the
direct shock wave with the surface ships, the transmission of the shock throughout the
target ships, the bodily motion of the target ships, the development of hull damage in the
target ships, and the estimation of safe and lethal hull damage ranges under Shot Umbrella
conditions. No analysis of DD-593 records was attempted because of the negligible response
levels measured there (Section 5.1).

6.2 INITIAL HULL LOADING AND RESPONSE

The interaction of an incident shock pressure wave with an underwater structure (ship)
is understood less well under conditions such as Shot Umbrella than it is under conditions
such as Shot Wahoe. Basically, this is due to two characLuielstica of Shet Umbrella; (1) the
incident pressure wave resulted from a nonlinear surface bottom reflection and (2) the
attack angle at the water surface was essentially glancing.
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One situation in which the interaction phenomena were documented in Shot Umbrella

may perhaps be interpreted in a naive way: the interaction of the direct incident shock

wave with the EC-2 attack side. Simplifying assumptions made for this particular situation

are that the shock wave is normally incident on the EC-2 attack side and that it can be
considered a simple shock wave, within the short distances of interest for the interaction

with the structure. Under these assumptions it would seem possible that the initial phase
of the loading and response can be investigated by means of the Taylor theory in a similar

manner to the application to Shot Wahoo. If the incident shock-wave pressure history is

characterized by peak pressure and by the equivalent decay time constant introduced in
Section 6.1, then the appropriate equations are reproduced below for convenience:

V(t) Pm sie-t/O 1 e t/o (z' - 1)/z' -] t t 0 .
pc z' -1

Where:
v(t) = velocity response normal to plane of structure

z? = z sinfg

13 = angle between incident ray and tangent to structural element of interest
m

Z - p cO

m- mass/area of structural element

p water density

c = speed of sound in water

pm =peak pressure

0 equivalent decay time of shock wave

tc zV/(z'- 1) 0 in z' (tc is the time at which the loading pressure vanishes and Is

sometimes called the cavitation time)

At times greater than cavitation time tc , the above relationship ceases to have physical
meaning. In applying this equation to the EC-2 attacked side, consideration had to be

given to the choice of equivalent decay time constant 0 that best represented the experi-

mental incident shock-wave pressure history (see Figure 6.3 for an example of a nearby

pressure history) up to cavitation time, keeping in mind that the cavitation time itself
depends on 0. A trial calculation indicated that choice of the upper bound 0 u , 2.5 msec

at the EC-2, would yield tc 2- 0.4 msec and, hence, that this choice gave the beat repre-
sentation of the pressure history. The resulting calculation of the expected velocity history
of the EC-2 attacked side is shown in Figure 6.8. The pertinent quantities utilized in the

theoretical computation were taken from Section 6.1, except for the plate weight per unit
area; for this quantity 41.5 psf was used, since this represents an average weight distribu-

tion of both shell plating and stiffeners. The only pertinent measurement secured during
Shot Umbrella was that of the velocity response of the attacked side (VM-10). This re-

sponse measurement is therefore reproduced in Figure 6.8, with a rather expanded time
scale; the baseline of this record was adjusted so that the velocity shown represents the

increase in velocity, above the level established by the precursor, caused by the shock
wave. The agreement of the theoretical and experimental velocity histories is good and

is considered encouraging for this type of naive treatment.
Most of the experimental data secured in Shot Umbrella covering the interaction
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phenomena pertained to loading and response measurements on the bottorns of the ship
hulls. Under the nearly glancing incident attack angles obtained in Shot Umbrella, the
Taylor theory is, of course, no longer a useful tool. Under these conditions the empirical
rules formulated to predict peak velocities reached by the structural element under Shot
Wahoo conditions (see Reference 6, and the corresponding discussion for Shot Wahoo) may
conceivably be useful for Shot Umbrella if two simplifying conditions hold: (1) the structural

element is of the type in which structural restraint forces can be neglected for time periods
of interest, and (2) the attack is not so glancing that the structural response depends on the

pressure level pm in a nonlinear way. Actually, the last assumption can hardly be true
and the emrpirical rule is introduced merely in the hope that, at pressure levels of interest,
the deviation from linearity is not overwhelming.

The empirical rule is reproduced below:

vm=2 Pm 1 + 2sin$ l()f (+)s
p c 2 tz)f

where the basic variables have been previously defined (Section 4.2) and the empirical
functions f1 and f 2 are given in Reference 6. In view of the lack of previous experience
in applying this rule to a situation like Shot Umbrella a somewhat arbitrary procedure was
used. It had been previously hypothesized (Reference 6) that the characteristic time r,
although insensitive to the shock wave decay time for long shock waves, decreased with
decay time for short shock waves; indeed, it had been suggested that T might be approxi-
mately equal to the Taylor cavitation time tc for normal incidence. Acceptance of this
interim notion led to the conclusion that, under Shot Umbrella conditions, f2 - 1. With

this guiding philosophy, bottom peak velocities were computed from the rule and are
presented in Figure 6.9 as a function of range; the indicated range of values corresponds
to the use of upper and lower bound estimates for the decay time constant. Corrections

to account for variations in draft and differences between end-on and side-on attacks were
not made, in view of the considerable uncertainty in applying the small amount of informa-
tion available on these questions (Reference 8) to Umbrella conditions.

Experimental information on the interaction between the direct shock wave and the bare
hull structure of the EC-2 bottom is best described experimentally by VM-14, located
relatively far from heavy masses; this was demonstrated in Section 4.2. The peak velocity
jump measured by VM-14 was 12 to 14 ft/sec, a value noted on Figure 6.9 where it com-

pares well with the estimate made on the basis of the empirical rule.
Experimental evidence on the interaction between direct shock wave and the bare hull

structure of the DD's is available at several locations on DD-474 and DD-592. That these
locations on the keel at midsections of the DD's may indeed be considered elements of the
bare hull was demonstrated in Section 4.2, the discussion for Shot Wahoo. However, a
demonstration that a similar behavior exists in the case of Shot Umbrella is made in Figure
6.10 for DD-474; a comparison is given between VM-14 and the velocity to be expected from
the loading impulse computed from PE-6 on the basis that only the mass (a weight per unit
area of 90 psf) controls the response. The levels of both velocity and pressure records
were adjusted to make them relative to the repcursor. The comparison shown in Figure
6.10 again illustrates that for the first 2 msec. or so, structural restraint forces may be
neglected at such locations on the DD's. Peak experimental jump velocities at bare hull
portions of the DD bottoms were: 7.1 to 8.2 ft/sec for DD-474 and 2 to 2.8 ft/sec for DD-

592. The values are entered into Figure 6.9 and indicate reasonably good agreement with
the computed values. Tho largest deviation occurs for DD-474, attacked end-on: this
would not exist at all if the same type of adjustment for the end-on computed curve had

been made as for Shot Wahoo.
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The general agreement of the experimental peak button,... velocities at bare hull sections
with the computed values in Figure 6.9, while enco raging, should not be considered a proof
that the interpretation difficulties implicit in the empirical rule are, indeed, completely
clarified by the somewhat arbitrary procedure employed; the role of coincidence in produc-
ing agreement is difficult to judge without more information. At any rate, from a prag-
matic point of view it seems reasonable to utilize the computed curve at leastas a device
fr o.t'..., .. nd ..... extrapolating experimental values to other ranges of general interest.

Peak bottom velocities measured in Shot Umbrella again show a dependence on the
precise location of the meter, whether mounted on the bare hull or mounted near heavy
masses or bulkheads. This is demonstrated in Table 6.2 where all information accumulated
by Project 3.4 in Shot Umbrella on ship bottom velocity responses is listed. Note that the
term "velocity jump" is employed in referring to the initial velocity response- This term
is defined in the same way as in Section 4.2, under the Shot Wahoo discussion. Again, as
in Shot Wahoo, no systematic dependence on position along the length of the ship was noted;
valid information on variation over the ship width was too sparse to justify any conclusion
in this direction.

6.3 VERTICAL SHOCK TRANSMISSION UPWARD THROUGH SHIP

During Shot Umbrella, the transmission of shock motions from the hull upward through
the bulkheads was similar to that for Shot Wahoo. Examination (Figures 5.15 and 5.16) of
the early portions of velocity records obtained at meters located upward along the vortical
centerline of bulkheads suggests essentially the same crude empirical conclusions as in the
case of Shot Wahoo: (1) bulkhead peak velocities are of similar magnitude regardless of
location, (2) the time to reach peak velocity for locations along the bulkhead increases
with height of location above the bottom, and (3) average initial acceleration, for locations
along the bulkhead can decrease, with height above the bottom by factors of 10, because
of the corresponding increase in times to reach peak velocities. The above empirical
conclusions pertain to the response due to the direct shock wave itself. In Shot Umbrella,
where response levels to the lagoon-bottom precursor waves were relatively significant,
it can be observed that the response to the precursor is essentially Independent of location.
Thus the increase in time to reach peak velocity with height of bulkhead location above the
bottom is limited to the direct shock wave itself, i.e., it is associated with the steep front
of the shock wave (hardly a surprising conclusion).

The manner in which shock motions are transmitted from the bulkheads, and from the
sides-3, to decks is compllcatcd by tue micnany equipment items fastened to the deck. An
example, is, however, suggested by the comparison over a long time period of two velocity
histories mounted in the sea cabin of the DD-474 superstructure (Figure 5.17); one velocity
meter was mounted directly over the bulkhead and one was mounted to an adjoining deck
plate. As might be expected, the deck plating lags the bulkhead response rather system-
atically. Moreover, it is hardly surprising to note the superimposed vibration shown by
the deck plate velocity meter VM-7; this suggests that the natural frequency of the plate In
this particular area is about 55 cps.

6.4 BODILY MOTION OF SURFACE SHIPS

The analysis of bodily motion in Shot Umbrella is restricted to the EC-2 and DD-474;
response levels on the DD-592 and DD-593 were too low to allow a profitable pursuit of
this matter for these ships. Observations could be made on the response to the lagoon-
bottom precursor, the direct shock wave, and the surface waves generated by the burst.
With respect to the response to the direct shock wave, information was available on heaving,
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pitching, and horizontal motion. Of all ,hese, the heaving motion in response to the diroect

shock wave was the best documented and the most significant.
The character of the vertical surface-ship response to the precursor pressure wave can

be seen in Figures 5.18 to 5.21. Note that the magnitude of this response, although smaller
than that due to the direct shock wave, is appreciable. Moreover, note that the response
distribution throughout each ship is roughly uniform. Both velocity and displacement
essentially increase gradually until shock front arrival; the DD-474 velocities show a dip
but rise once more to reach about their maximum level just prior to the shock front arrival.
For the EC-2 maximum responses to the precursor wave were about 2.5 ft/sec and 1.3
inches for heaving velocity and displacement, respectively. Corresponding measurements
for DD-474 were about 1 ft/sec and 0.5 to 0.8 inch. The response to the precursor pres-
sure wave is so gradual that it can hardly be considered to have practical implications for
surface ships. For example, maximum accelerations are less than 1 g.

The vertical responses to the direct shock wave were measured at representative loca-
tions in the target ships. Although these differ in their initial detailed characteristics,
they suggest a similar gross behavior when examined over relatively long periods of time.
A simple examination of a number of superimposed response measurements, therefore,
gives a good impression of the overall vertical bodily motion of the surface shilps. Ti; s

is particularly true of side-on attacks, and key evidence in this response has already been
presented in Figures 5.18 and 5.19.

Examination of Figure 5.18 suggests that the vertical bodily motion of the (side-on) EC-2,
caused by the direct shock wave, can be described in simple terms; an increase in velocity
of 6 to 7 ft/sec due to the shock wave established a total initial velocity of 8.5 to 9.5 ft/sec
and thereafter the velocity decreased at constant deceleration (2.2 to 2.7 g) until cavitation
reloading; cavitation reloading itself was not observed on Project 3.4 records because of
recording difficulties.

The vertical bodily motion of the EC-2 in Shot Umbrella is strikingly similar to that
observed in Shot Wahoo and suggests that, despite the faar more complicated character of
the Shot Umbrella situation, the surface layer concept discussed in Section 4.4 is generally
applicable. The water layer thickness at the EC-2 position was estimated, from the ob-
served deceleration, to be about 20 to 30 feet, probably in excess of the EC-2 draft.

Looking at the vertical bodily motion of the EC-2 in terms of displacements provides
some opportunity to deepen the understanding of this motion. A typical displacement history
of the EC-2 is SD-2 (Figure 5.19), and this displacement history is reproduced for conven-
ience in Figure 6.11. The surface layer concept was employed to compute the displacement,
based upon the values of initial bodily velocity and surface layer thickness quoted above;
the results are also shown. The computed curves allow an estimate of the later motion and,
in particular, an estimate of cavitation reloading time. Conditions existing in the main
body of water are, of course, far more complicated in Shot Umbrella than in Shot Wahoo.
However, rough calculations suggest that the expanding gas bubble itself has a negligible
influence, via the resultant upward swelling of the main body of water, on the cavitation
reloading time at the EC-2 position. Moreover, it hardly seems conceivable that the up-
ward swelling of the water caused by the precursor pressure wave continues. Therefore,
the surface layer concept in the Shot Umbrella case would suggest crudely that cavitation
reloading occurs when the bodily displacement has returned to zero at a time 230 to 255
msec. This is in reasonable agreement with the experimental cavitation reloading time
of 245 msec (Figure 6.7).

The direct shock wave gave rise to a vertical bodily response of DD-474, attacked end-on
rather than side-on, which was obviously complicated by pitching (Figures 5.20 and 5.21).
The character of the motion was investigated by utilizing the displacement measurements
to construct displacement contours at various times (Figure 6.12). Clearly, DD-474
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vertical motion is predominantly composed of heaving and pitching; no significant excita-
tion of the flexural, or whipping, modes was observed as a result of the end-on attack
(see also, Figure 5.2 in this connection). If the pitching is characterized by the relative
displacement of the bow with respect to the center of gravity (Frame 103'/2), then the
pitching history is characterized by the dashed curve shown in Figure 6.13. The heaving
history (the vertical motion of the center of gravity) is characterized by the solid curve.

Further insight into the bodily motion of DD-474 can be gained by replotting the observed
velocity and displacement histories at each of three sections where measurements were
obtained in such a fashion as to line up the shock-wave arrival times; the three sections
were Frame 148, Frames 72 through 82, and Frame 18. The results are shown in
Figures 6.14 through 6.16. Notice that selected typical velocity histories have been inte-
grated to demonstrate the degree of consistency with displacement measurements. To a
first approximation, each section of the ship can be viewed as undergoing vertical bodily
motion independently of the remaining sections and the motion of each section is therefore
discussed. separately.

The DD-474 aft section response (Figure 6.14) suggests that the increase In vertical
velocity (4.5 ft/sec) cie to the shock wave establishes an initial bodily velocity of 5.5 to
6 ft/sec and that thereafter the velocity decreases at constant deceleration (1.9 g) until
cavitation reloading at 195 msec. The surface layer thickness suggested by the surface
layer concept is 35 to 42 feet. A computed displacement history, based on the surface
layer concept, is also shown in Figure 6.14 and indicates fair agreement with the measured
displacement, if any possible upward swelling of the main body of water is neglected.

The DD-474 midsection response (Figure 6.15) suggests that the increase in vertical
velocity (3 to 3.5 ft/sec) due to the shock wave establishes an initial velocity of 4 to 5 ft/sec
and that thereafter the velocity decreases at constant deceleration (1.8 to 2 g) until cavita-
tion reloading at 155 msec. The corresponding surface layer thickness is 37 to 50. feet.
Again, a computed displacement history, based on the surface layer concept, shows fair
agreement with the measured displacements (Figure 6.15).

A similar evaluation of the DD-474 forward section response (Figure 6.16) leads to a
velocity increment of 2.7 to 3.2 ft/sec, an initial bodily velocity of 3.5 to 4 ft/sec, a decel-
eration of 2.1 to 2.3 g, a reloading time of 130 msec, a surface layer thickness of 29 to
37 feet, and a computed displacement history in reasonable agree ment.

As in Shot Wahoo it is useful to compare initial vertical bodily velocity to the water
particle velocity vwp; under Shot Umbrella conditions, however, it seems advisable to
define water particle velocity by a slight generalization of the definition utilized in Shot
Wahoo. At any pressure gage location, the experimental impulse is a direct measure of
the average vertical velocity of the water particles lying above the gage:

Ih
vav, h p7h

Where:
Vav, h = average vertical velocity of water particles above gage depth, h

ts
I = shock wave impulse at gage position (f pdt) measured from shock-wave arrival (t = 0) to surface cutoff time (t.), and

p =: water density

The water particle velocity is defined as:

Ihp = hI o ph
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Notice that, under conditions such as Shot Wahoo in which neither the free-water surface
nor the bottom influences the character of the direct shock wave up to surface cutoff time,
the impulse reduces at shallow depths roughly to pints, where ts - (2/c) h sin a, and the
above definition of water particle velocity becomes identical to that introduced previously
in Section 4.4.

The method by which the experimental data (given in Reference 16) was interpreted, so
as to yield the indicated limits, is illustrated in Figure 6.17 where the quantity Ih/P h is
plotted as a function of depth at several ranges of interest. It may be noted (Reference 16)
that precursor pressures do not contribute appreciably to the impulse. The experimental
results essentially fall in straight lines; as illustrated in the figure, these were extrapolated
to the surface and the limit values were utilized for estimates of water particle velocity.
The consequent variation of water particle velocity with range from surface zero is shown
in Figure 6.18.

The experimental values of vertical bodily velocity, both the initial bodily velocity and
the velocity increment due to the shock wave, are plotted in Figure 6.18 for comparison
with the water particle velocity. That the initial bodily velocity is higher than the water
parLicle velocity is hardly surprising, since the bottom precursor contributes to the former
but not significantly to the latter. That the incremental initial bodily velocity tends to be
somewhat less than the water particle velocity may be explained by the surface layer con-
cept; the layer depth at both ships is about 20 to 40 feet and reference to Figure 6.17 there-
fore suggests that, for such a depth, the average layer velocity increment (and, hence,
the ship velocity incremen,) should be lower than the water particle velocity, by about a
corresponding amount.

The bulk cavitation reloading times deduced over a width range in Section 6.1 may be
used to compute surface layer thickness over a similar range if estimates of initial bodily
velocity based on Figure 6.18 are employed. Noting that precursor velocities tend to be
about a third of incremental bodily velocities, initial bodily velocity was estimated by
multiplying water particle velocities by a factor of l1/S. It is convenient first to translate
the absolute cavitation reloading times (Figure 6.7) into times relative to shock wave
arrival (Figure 6.19). The method of computing surface layer thickness was essentially
identical to that previously used for Shot Wahoo. Final surface layer thickness estimates
are presented in Figure 6.20 where experimental values directly deduced from surface ship
decelerations are also shown for comparison.

The vertical bodily response produced in Shot Umbrella surface ships by bulk cavitation
closure could only be estimated crudely for DD-474 (Figures 6.14 through 6.16). It appears
that reloading caused by bulk cavitation closure gave rise to an incremental bodily velocity
almost as large as that caused by the direct shock wave but that the accompanying acceler-
ations were less than 0.5 those associated with the direct shock wave.

The available evidence on horizontal bodily motion of the target ships is limited to the
EC-2. Two horizontal velocity meters were located on the bulkhead, one near the vertical
ccntcr of gravity and one up in the superstructure. The records secured have already been
shown in Figure 5.22. VM-15 shows a superimposed vibration with a natural frequency of
about 30 ups which completely obscures the horizontal bodily motion of the ship. VM-17
shows a motion which, although it has possible shear and rolling components superimposed,
is believed to be much closer to the actual horizontal motion of the ship itself. It is there-
fore estimated that the peak horizontal velocity of the EC-2 was about 4 ft/sec. This amounts
to about 60 pe-cuiL of the pe-ak ihurL-iuntal vriLical velocity, or about 45 percent of the peak
absolute vertical bodily velocity. The horizontal bodily motion of the EC-2, however, obvi-
ously had a different character from that of the vertical motion. For the first 30 msec or
so following shock wave arrival, the ship acquired a horizontal velocity away from the burst
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and suffered a maximum horizontal displacement of 0.8 inch, 10 to 15 percent of the peak
vertical displacement. Subsequently, the ship acquired a velocity toward the burst that
was about equal in magnitude to that previously measured away from the burst.

The surface waves generated by the burst gave rise to a response at DD-474, attacked
end-on, which was measured by two strain gages attached to the main deck (centerline) in
such a way as to record longitudinal bending strains at approximately the node and antinode
PrSnitn,nq for t-he first (two noded) flexural vibration mode of the ship (Figure 5.2). The
strain gages measured the quasi-static bending of the ship in response to the surface waves.
The first mode flexural vibration period of a DD is about 0.5 second; the measured strains
were about equal at the node and antinode locations; and the strain histories are similar
to the surface-wave histories (Reference 14). Taking the neutral axis for longitudinal
bending at a height of 15 feet above the keel, it was estimated that the maximum girder
(keel) strain caused in the DD-474 by a 22-foot surface wave (crest to trough) was about
300 pin/in.

6.5 HULL DAMAGE

The hull damage to the EC-2 in Shot Umbrella was strikingly similar to that in Shot
Wahoo. Again, the only appreciable damage occurred to the attacked side (port for Shot
Umbrella, starboard for Shot Wahoo). The port side had been left essentially undamaged
as a result of Shot Wahoo.

The results of deflection measurements of the starboard frame deformation at a depth
of about 9 feet below the water surface are shown in Figure 5.23. The character of the
attacked side frame deflection history may be .uminnaarz'. d thusly; an ..." t ia•i peak deflection
of 2.2 inches was achieved in about 10 to 15 msec following the shock wave arrival. An
outboard movement thei, 0 nsued which reduced the deflection level to about 1 inch. The
level deflection shown by the deflection gages after the response to the shock wave agrees
fairly well with the set deflections measured from these gages after the test; this implies
that the EC-2 hull damage was caused by the shock wave alone. The maximum set deflection
of the attack-side frame was approximately 1.1 inch. The above description of the deflection
history parallels that of Shot Wahoo in every respect, except for minor changes in the
numerical values.

Once again, the energy-density rule introduced in previous small-scale EC-2 model
tests (Reference 6) may be checked, this time with a distinctly different type of experimental
situation from previous applicatlons. The shock-wave energy flux density is estimated,
at several depths below the water surface, as a function of range in Figure 6.21; experimental
values from Reference 16 were utilized, as were some extrapolations. Reference to Figure
6.21 indicates that the estimated shock wave energy flux density at the EC-2 position at a
depth of 9 feet is 17.5 ft-lb/in2 . The application of the rule discussed in Section 4.5 there-
fore yields a predicted peak deflection of 5.6 inches-a value in excess of the experimental
peak deflection by 150 percent.

Although the comparison of experimental peak deflection with the rule is not as good as
it was in the case of Shot Wahoo, it must be recognized that the situation for Shot Umbrella
is considerably more uncertain for several reasons. First, although considerably more
experimental measurements were obtained in Shot Umbrella than in Shot Wahoo, few were
obtained at the shallow depths of interest for surface ship response. Therefore, the extrapo-
lations which led to the curves shown in Figure 6.21 are subject to some uncertainty.

Second, in applying the empirical rule, the value of shock wave energy flux density to be
utilized is an average of free-water shock wave energy flux density over the vertical expanse
of the entire side (between the inner-bottom level and the water surface); this averaging is
done automatically for long shock-wave attacks, such as Shot Wahoo, by choosing the value
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of the midpoint of this vertical expanse. In the Shot Umbrella situation the average energy
density may differ from this; sufficient experimental evidence to judge the significance of
this is not available.

Third, it seems rather unlikely that the side-frame deformation is appreciably influenced
by the precursor pressures occurring before the direct shock wave, and it seems possible

that only the pressure increase over and above the precursor level has significance. The
energy that is shown in Figure 6.21, of course, reflects the Project 1.1 procedure of com-
puting energy from total overpressure (above hydrostatic values); the alternate procedure
of computing energies from pressure in .vxcess of the precursor level would have reduced
the energy estimates by perhaps 15 percent.

Considering the uncertainties peauliar to Shot Umbrella, together with the suggestion
made in Section 4.5 that a larger fraction of the total deformation energy is represented
by plate dishing when the frame deformation is small than when it is large (the situation
for the model tests), the degree of agreement of experimental peak deflection and empirical
rule is judged to be acceptable. Certainly from a practical point of view it appears that
the empirical energy-density rule is a useful tool in estimating hull damage under Shot
Umbrella conditions, as well as under Shot Wahoo conditions.

The survey (Figures 5.24 and 5.25) of the final EC-2 hull damage after Shot Umbrella
leads to conclusions very similar to those of the Shot Wahoo damage survey. The maximum
frame deformation (on the attack side) was again at about the MD gage locations. Structural
attachments reduced the degree of damage noticeably. The shell plating dished between
frames and the amount of this dishing increased with depth below the water surface until
the inner-bottom level was reached. Just above the inner bottom the maximum dishing
between frames amounted to about 1 inch.

6.6 LETHAL HULL DAMAGE RANGES

The energy flux density rule allows the lethal damage range for merchant ships under
Shot Umbrella conditions to be estimated. As in the case of Shot Wahoo, plausibility argu-
ments are introduced to derive conclusions concerning lethal hull damage ranges for destroy-
ers as well. Some verification of these estimates can be obtained in Shot Umbrella by the
introduction of an equivalent shock factor based on the peak pressure and the equivalent
decay time constant of the direct shock waves and an appeal to HE experience relating
shock factor with hull damage ranges.

For merchant ships (EC-2), the energy flux density rule and the damage criteria intro-
duced in Section 4.7 suggests that at a depth of 9 feet a critical value of energy flux density
is about 75 ft-lb/in2. Lethal hull damage will therefore be caused to merchant ships under
Shot Umbrella conditions at ranges of 1,200 feet or less.

Applying the same argument for predictions of lethal hull damage ranges for destroyers
outlined for Shot Wahoo in Section 4.7, the lethal hull damage to DD's will occur under Shot

Umbrella conditions at ranges of 1,200 feet or less.
As remarked in Section 6.1, the short shock wave produced in the Shot Umbrella situation

is reminiscent of the pressure waves produced by HE charges. It was for this reason that
the direct wave pressure measurements were evaluated in terms of an equivalent decay time
constant. The shock factor used in HE test analysis to relate attack severity with surface
ship hull damage, actually the maximum shock factor (S. F. ) is defined by:

S.F. = V{W-/k--

Where:

W = charge weight in pounds of TNT
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R = distance from the charge center to the nearest point on the hull

The maximum shock factor can equally well be expressed in terms of peak pressure and
decay time constant, as

S.F. = 3.11 X 10-4 (pm)0-95 (0)0.5

Where:

Pm = peak pressure, psi

0 ý decay time constant, msec

In Shot Umbrella, use of an equivalent decay time constant allows the introduction of an
equivalent maximum shock factor. Needless to say, however, the word "equivalent" should
be interpreted with some caution. For example, the typical HE charge produces local
damage as compared to the wide spread damage caused by nuclear attack.

Now, HE experience with surface ships suggests that, for side attacks with charge depths
less than venting depth (to restrict attention to the shock wave effects above), lethal hull
damage will result at a maximum shock factor of 0.8 to 0.9 for both merchant ships and
destroyers. Application of this HE experience to Shot Umbrella, by use of Figure 6.22,
leads to an estimate of 1,100 to 1,400 feet for the greatest range at which lethal hull damage
results to merchant ships and destroyers under Shot Umbrella conditions.

The close agreement between the two methods of estimating lethal hull damage ranges
provides some confidence in the accuracy of the estimates. It should, incidentally, be
realized that the comparison between these two methods is a comparison of different
criteria, rather than a comparison of two basically different methods. In fact, the maximum
shock factor, as used in typical HE attack conditions, is a direct measure of shock-wave
energy flux density; roughly speaking, shock wave energy flux dens!ty is proportional to
the square of the maximum shock factor.

It may have been noticed that attention in the above discussion Is restricted to the direct
shock wave effects; possible effects of the surface waves generated by the burst are neglected.
That the surface waves have no significant effect on the lethal hull damage range, under Shot
Umbrella conditions, Is felt to be justified by the estimate, based on Reference 14, that at
1,200-foot range the surface wave crest-to-trough height is less than 35 feet.

6.7 SAFE HULL DAMAGE RANGES

As in Shot Wahoo (Section 4.8), safe hull damage for merchant ships is arbitrarily defined
to be that amount of hull damagt whlch was sustained by the EC-2 in Shot Wahoo. Since the
same amount of damage was sustained by the EC-2 in Shot Umbrella, this leads, by definition,
to the estimate that safe hull damage ranges for merchant ships under Shot Umbrella con-
ditions are 1,700 feet or more.

Employing the same criterion as applied in Shot Wahoo, an estimate of the minimum
safe hull delivery range for DD's under Shot Umbrella conditions is 1,700 feet. It is Inter-
esting to notice (Figure 6.22) that the equivalent maximum shock factor at this range is
0.34 to 0.52. HE test experience would suggest that this estimate is about the right order
of magnitude.
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TABLE 6.1 SHIP LOCATION AND ORIENTATION,
SHOT UMBRELLA

Ship Standoff Orientation nt
feet degrees

mC-2 1,70-U0 (
DD--474 1',900

_-532 2,950 -8
DD-593 7,800 -7

*Standoff to midship position, rounded off to

nearest 50 feet.

SAngle of ship heading (positive clockwise) from
nominal orientation indicated in Figure 6.1.

TABLE 6.2 INITIAL VERTICAL VELOCITY JUMP, BOTTOM HULL,

SHOT UMBRELLA

Gage Location Experimental Velocity Jump (ft/see)
Centerlinc Location Off Centerline Location

EC-2 Shock Wave

Frame 98 Starboard (VM-9A) 8 to 9.5

CL(VM-7A) 8 to 10
Port (VM-8)

Frame 921/2 near CL(VM-14) 12 to 14

Frame 88 Starboard (VM-3) 5
near CL(VM-1) '7 to 9

Port (VM-2) 6 to 7

DD-474 Shock Wave

Frame 120'/2 CL'VM-1 4) 7.1

Frame 119 near CL(VM-15) 8.2

Frame 82% CL(VM-8) 6.3

Frame 81 near CL(VM-9) 7.4

Frame 72 CL(VM-2) 5.4

DD-592 Shock Wave

Frame 120'/2 CL(VM-14) 2.8

Frame 821/2 CL(VM-8) 2.5

Frame 81 near CL(VM-9) 2.0

Frame 72 CL(VM-2) 2.5
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Chapter 7

CONCLUSIONS

The conclusions in this chapter refer to underwater nuclear bursts and are specifically
concerned with Shot Wahoo and Shot Umbrella conditions. The terms "Shot Wahoo conditions"
and "Shot Umbrella conditions" include yield, shot geometries, bottom reflections, thermal-
gradient characteristics and target ship types.

From the standpoint of hull damage, the following safe delivery ranges for destroyers
have been demonstrated: 2,900 feet under Shot Wahoo conditions and 1,900 feet under Shot
Umbrella conditions. Minimum safe delivery ranges, from the standpoint of hull damage
alone, are controlled by the direct shock wave under both Shot Wahoo and Umbrella con-
ditions and are estimated to be 2,400 feet under Shot Wahoo conditions and 1,700 feet under
Shot Umbrella conditions. For these estimates, destroyer hull deformation comparable,
in its operational significance, to that sustained by the EC-2 is considered to be the maxi-
mum amount which can be called safe.

The lethal ranges for the EC-2 from the standpoint of hull damage are controlled by the
direct shock wave under both Shot Wahoo and Umbrella conditions and may be estimated by
use of the energy-density rule. The assumption that a 1.5-foot deformation of the attacked
side frames represents lethal damage leads to the estimate that under both Shot Wahoo and
Umbrella conditions a horizontal range of 1,100 to 1,200 feet, or less, is lethal.

Checkpoints for small-scale UERD model experiments were obtained from both Shots
Wahoo and Umbrella. However, no direct correlation with the UERD full-scale HE tapered-
charge tests (Project 3.1 for Operation Hardtack) is possible because of the loss of data
on the DD-592 in Shot Wahoo.

In Shot Wahoo, the direct shock wave was by far the most significant loading phase at the
EC-2 position. The bulk cavitation reloading and the bottum-reflected wave effects were
small by comparison. Bottom velocity jumps caused by the shock wave were two times as
great as those caused by cavitation reloading and three times as great as those caused by
the sea-bottom-reflected wave. Hull damage was caused by the direct shock wave alone.

In Shot Wahoo, the most significant loading phases at the DD-593 were the bottom-reflected
wave and the subsequent bulk cavitation reloading. Responses produced by the direct shock
wave were negligible by comparison; vertical velocity jumps caused by the reflected wave
were 2 to 3 times as great as those caused by the direct shock wave. Response severities
produced by the bottom-reflected waveand the subsequent bulk cavitation reloading were
about equal, both with respect to peak velocities and associated accelerations.

In Shot Umbrella, the direct shock wave was the most significant loading phase for sur-
face ships within the range of primary interest. Bulk cavitation reloading following the
direct shock wave produced, at the DD-474, vertical velocity increments almost as great
as those produced by the direct shock wave, but the associated accelerations were less than
0 .5 of those due to the shock wave itself. Lagoon-bottom precursor pressure waves gave
rise to vertical displacements and velocities of the target ships which were each about 30
percent of the total displacements and velocities, respectively. However, the accelerations
associatec' with the motions were negligible.

Surface waves generated by Shot Wahoo and Umbrella did not cause any significant effects
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on the surface ship targets. In Shot Umbrella, 22-foot surface waves (crest to trough)
gave rise to girder strains less than 300 pin/in in the DD-474, attacked end-on. It is
doubted :i~at surface waves would exercise aly significant influence on lethal hull damage
ranges under either Shot Wahoo or Umbrella conditions.

Under side-on attack, the largest hull responses are produced at the attacked side. In
the EC-2, the direct shock wave in each test gave rise to a peak velocity of the attacked
side frame about three times greater than the maximum peak velocity measured at the
bottom; the response of the shadowed side was small in comparison to that of the bottom.
Variation of response across the bottom itself tended to be small.

Under side-on attack, the vertical bottom velocities are by no means uniform over the
Iength of the ship. Despite the uniformity of the loading, the velocity response is appreci-
ably dependent upon precise location along the structure and the proximity of this location
to heavy masses. Peak bouttom velocities at bare hull locations can be more than 50 per-
cent greater than those at locations near heavy masses and bulkheads.

Under end-on attack, vertical peak bottom velocities depend on precise location at the
hull structure and its proximity to heavy masses. Peak bottom velocities at bare hull
sections temnded to be uniform along most of the length of the ship. At the extreme attacked
end itself, however, it is believed that they are higher than over the rest of the ship; the
basis of this belief is indicated by the next conclusion.

Peak vertical bottom velocities at bare hull sections of midships appear to be 30 to 40
percent less for end-on attack than for side-on attack. This decrease is consistent with
crude inferences drawn from previous UERD small-scale model test experience.

Peak vertical velocities measured at bare hull sections of the target ships were, with
one exception, distinctly higher than corresponding water particle velocities; the exceptional
case was the EC-2 bottom response to the Shot Wahoo bottom-reflected shock wave where
the incident pressure wave was nearly normal to the bottom, and the peak bottom velocity
was about equal to water particle velocity. The amount of the increase over water particle
velocity was: 65 percent for the EC-2 and the Shot Wahoo direct shock wave, 25 percent
for the DD-593 and the Shot Wahoo bottom-reflected wave, 100 percent for the EC-2 in
Shot Umbrella, 100 percent for the DD-474 in Shot Umbrella, and 100 to 200 percent for the
DD-592 in Shot Umbrella.

Vertical keel peak velocities at bare hull sections may be predicted with reasonable
accuracy by use of the empirical rule proposed on the basis of previous small-scale UERD
model tests. This applies to both Shot Wahoo and Umbrella conditions.

Peak vertical velocities tend, with the exception of bare hull sections themselves, to be
uniform throughout the ship, under both Shot Wahoo and Umbrella conditions. However,
the time to reach peak velocity increases considerably with the height of location above the
bottom and, for this reason, average initial accelerations can be appreciably less for high
locations than for bottom locations. Along bulkheads this diminution in acceleration can
involve a factor of 10, or more. On decks a further diminution is likely to occur for
positions that are away from the bulkheads and sides of the ship.

The bodily motion of surface ships caused by shock waves consists predominantly of
vertical motion. Even for the shallowest side-on attack condition, the EC-2 in Shot
Umbrella, the bodily velocity increment in the vertical direction was more than 50 percent
greater than that in the horizontal direction, while the maximum vertical displacement
was more than six times the maximum horizontal displacement.

Vertical bodily motion of surface ships in response to shock waves, even in end-on
attacks, consists almost entirely of heaving and pitching; flexural motions are negligible.
Pitching is caused primarily by arrival time differences of the shock wave and by vari-
ations in free-water shock wave strength along the ship. For this reason, individual
sections of the ship may, to a first approximation, be considered to respond only by heaving,
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independently of the remaining portions of the ship.
The vertical heaving motion of surface ships caused by shock waves consists of a rapid

rise in velocity, followed hy a slow deceleration. The increment in initial peak vertical
bodily velocity is approximately equal to the water particle velocity. Later ship motion is
controlled by the motion of a surface layer of water, split off from the main body of the
water by bulk cavitation. Deceleration is controlled by the thickness of the water layer.
In general, the vertical bodily motion of the surface ships confirmed the concepts previous-
ly advanced in connection with the small-scale UERD model tests.

Hull damage in both Shots Wahoo and Umbrella was essentially limited to the attacked
side and was confined, vertically, between the inner-bottom and second deck levels. Maxi-
mum side-frame deformation tended to occur at a level about midway beLween the water
line and the inner bottom but was reduced by structural restraints introduced by bulkheads
and flats. In each test the maximum attacked side-frame deformation amounted to about
1 inch. Maximum side-plating deformation, between frames, occurred just above the inner
bottom .wd 4..rease, withl height Ove !seI. in each test the maximum plating dish
amounted to about I inch.

The general character of the EC-2 hull damage, under both Shot Wahoo and Umbrella
conditions, is very similar to that found in small-scale UERD tests with C-2 models. The
magnitude of the side damage may be predicted, with an accuracy sufficient for predicting
lethal ranges, by use of the energy-density rule proposed on the basis of these small-scale
tests.
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Appendix A

DETAILED EVALUATION OF UNDERWATER PRESSURE PHENOMENA, SHOT WAHOO

An evaluation of all available information concerning test conditions and underwater pressure phenomena
was carried out to create a suitable background for Project 3.4 analysis of surface-ship loading and response.
Data was made available to UERD by other projects, particuiariy Project 1.1, prior to final publication of
their own results.

The UERD conclusions have been summarized in the main text; detailed justifications are presented below.

A.d T.ST CONCLUSIONS

Estimates of the ranges of the EC-2 and DD-593 were made from measured direct shook wave arrival
times and calculations utilizing refraction theory.

Direct shock wave arrival times measured by bottom gages (pressure gages attached to the hull end
velocity metei-s) along the EC-2 and DD--593 centerlines are plotted as a function of distance from the stern
of the ship In Figures A. l and A.2, respectively. Notice that In Figure A. I a few helpful measurements made
by Project 3.3 are included. The experimental points are connected by straight lines called centerlines so
that arrival times can be derived at the midship locations (Frame 91 for the EC-2 and Frame 1031/2 for the
DD-593).

Bathythermograph measurements carried out in the test area allowed Project 1.13 (Reference 12) to
estlinate sound speed in the water; such estimates formed the basis of the calculation effort and are therefore
reproduced in Figure A.3 at key locations. In addition, numerical values of the sound speed gradient actually
utilized In computations are shown for the surface zero condition and an average gradient condition.

The arrival time of the direct shock wave front at various ranges along the water surface was computed.
The first step in such a computation is to estimate sound signal arrival times from refraction theory; this
was done by machine computation (IBM 650) employing a ray path technique similar to that of Reference 24.
For this purpose the sound velocity structure of the water was assumed to be horizontally stratified in accord-
ance with the surface zero condition shown in Figure A.3; the choice of this condition is Justified by the ray
paths thus computed and shown In Figure A.4. The second step in the computation of shock wave arrival times
Involved a correction to the sound signal arrival times to allow for the finite amplitude of the shock wave; to
employ this type of correction the peak pressure at the point of interest was estimated to correspond to that
expected in isoveloclty water. The computed shock wave arrival times are presented as a function of range
from surface zero in Table A.1.

The computational results together with Figures A.1 and A.2 allow the midship positions of the EC-2 and
DD-593 to be located. The estimated locations (Table 4.1) differ only slightly from the results of the aerial
photographic survey.

Experimental direct shock wave arrival times measured at the EC-2 bottom along a transverse line were
also plotted In Figure A.1. These measurements formed the basis for the estimate of the diruct shock wave
attack angle at the EC-2 (Figure 4.2).

Measurements of bottom-reflected wave arrival times at various key ship locations were compiled and used
to check sea-bottom depths, estimated from a prior oceanographic survey (Reference 25), and to deduce other
associated information. Experimental reflected-wave arrival times at the EC-2 measured at various positions
are plotted in Figure A.5. A similar presentation of experimental reflected wave arrival times at various
positions along DD-593 is given in Figure A.6. However, in this case, two types of reflected-wave arrival
titsu art: c onaldered. te arvl tie o& a precursor wave traveling for part of its path through the bottom
material an1 the arrival time of the specular reflection ray traveling entirely through the water. The greater
inaccuracy involved in estimating precursor-wave arrival times Is indicated In Figure A.6 by the use of lines
rather than points.

Concentrating for the moment on the specular reflection, experimental arrival times at midship positions
on EC-2 and DD-593 are estimated in Column 4 of Table A.2. Other projects participating in Shot Wahoo
secured measurements of reflected wave arrival times with respect to direct shock wave arrival times; these
are also incorporated in Table A.2, in Column 3. The experimental arrival times could be translated to times
after detonation by use of Table A.1; the results are noted in Table A.2, in Column 5.
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With the aid nf the prior occanograrflic survey fReference 25), bottom contours could be constructed for
the various array lince, and reflected v.-a.e arrival times could be computed by means of ray'path refraction
theory in a manner similar-to that utilized for the direct shock wave. An example of such a bottom contour

is given in Figure A.7 along the gradic:-t of the bojttcm slope, i.e., the 29' array. Note that the bottom slopes
by an angle of i7. Typical ray paths are also shown in Figure A.7, and symbols are introduced in order to

simplify the discussion. A ray is emitted from a point Z, the burst, and Impinges tLpon the bottom, forming
an angle Pl with respect to the bottom normal. Specular reflection produces a ray, also making an angle fP
with respect to the bottom normal, which extends to a point of interest P and forms an attack angle a with
respect to the water surface. The first such ray to arrive at P travels essentially in the propagation plane
formed by Z, P, and I, the burst image. The image point I was considered, in the computations, to shift
in the discrete fashion indicated in the figure to account fo-r the curvature of the bottom. In the particular
case of the bottom contour shown. 2,i Figure A.7, the propagation plane is vertical. In other directions, how-
ever, the propagation plane ZIP is not vertical although still intersecting the water surface at the line P-SN,
where SN is the projection of the bottom normal through Z; a rough allowance for this effect was made in the

computations.
Otherwise, in general, the computations of reflected wave arrival times were carried out in a manner

similar to that used for the direct wave. Two minor qualifications have to be made, however, for the sake
of accuracy. The sound speed gradient in the- water was taken as an tverage sound speed gradient defined
In Figure A.3. This seemed somewhat more generally pertinent than the surface zero gradient structure
used for the direct wave computations. Corrections to the sound signal arrival times to allow for the finite
amplitude of the shock wave were made only for that part of the ray path lying between the burst and the
bottom and were made on the basis of isovelocity estimates of peak pressure just before the ray impinged
upon the bottom.

The results of the computed reflected-wave arrival times are listed In Column 5 of Table A.2. Within the
framework of the computational procedure, it is believed that the degree of agreement between experimental
and computed arrival times Indicates that the actual bottom depths were essentially identical with those found
in the prior oceanographic survey.

Two byproducts of the computational effort involved in connection with reflected wave arrival times have
Interest for present purposes. The first of these is the correlation of the angle between the specularly
reflected wave and the bottom normal with horizontal range from surface zero along each of the array lines
(Figure A.8). The second byproduct is the correlation of the attack angle made between the specularly re-
flected ray and the water surface with horizontal range from surface zero; this has been presented in Figure
4.6 for all pertinent array lines.

The Information, both experimental and computational, on the bottom-reflected wave provides some Indi-
cation of the sound speed through the upper layer of the bottom. The arrival times of the sea bottom pre-
cursor reflected wave at the DD-593 (Figure A.6) were extrapolated back, using an extreme line, to intersect
with the line established by the specular reflection arrival times. Since the DD-593 was very closely alined
(in Its heading) along the 248° array line, the intersection must represent an upper bound estimate of the
critical range from surface zero at which a bottom precursor wave can first be distinguished and must,
therefore, correspond to an upper bound estimate of the critical bottom reflection angle at which total
reflection first commences. The upper bound estimates of the critical range Is about 8,800 feet. Use of
Figure A.8 enables an upper bound critical bottom reflection angle to be estimated as 48 . The sound speed
in the bottom is related to the critical bottom reflection angle by

eW

senficrlt c-E

Where: cw = sound speed in water

cB = sound speed in bottom

It is, therefore, deduced that the sound speed in the upper layer of the bottom is at least 6,600 ft/sec. The
estimate of 8,000 ft/sec made in previous study (Reference 26) Is, therefore, certainly not In conflict wiLh
present evidence.

A.2 DIRECT SHOCK WAVE

An effort was made to describe the direct shock wave near the water surface as a function of range. Al-
though the aim of this effort was primarily to establish the shock wave characteristics at water depths of
about 30 feet or less, some attention had to be paid to much deeper depths.

The two major stations at which most experimental information was obtained were the EC-2 and DD-593-
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Experimental results (Projects 1.1 and 1.5) concerning the peak pressure at these locations are reproduced

in Figures A.9 and A.10. Also shown in Figures A.9 and A.10 are calculated peak pressure curves. These
eaiculalior!s were based on refraction theory and the sound gradient structure at surface zero given in Figure
A.3. As may be seen, the comparison between experimental and theoretical information Is fairly good and
serves to establish the peak pressure level near the water surface.

The calculati"on mpethod was also used to describe peak pressure near the water surface as a function of

range and the result shown in Figure 4.3 is considered in satisfactory agreement with all available experi-
mental evidence.

In a similar way the calculated and experimental values of surface cutoff times were plotted as a function
of depth at the EC-2 and DD-593 positions (Figures A.11 and A.12). In the case of the DD-593 the pressure
does 0 ot drop abruptly and the corresponding uncertainty in reading cutoff time is indicated by the use of lines
rather than points to represent the data. Comparison of the calculiated (dashed) curve and experimental data

at the EC-2 (Figure A.11) indicates rather good agreement at large depths but also 'ndicates that at more
shallow depths the actual cutoff time can be as much as, say, 35 percent less than the computed valYe. It
is believed that the reason for this is the uneven water surface; recall that ambient surfac waves totaling

nearly 10 feet (crest to trough) were present at detonation time. If the direct shock wave is effectively
reflected from the troughs rather than from an average water level, then it would be expected that the pre-
dýcted cutoff times should be altered as indicated by the solid curves in Figures A.] 1 and A. 12. These
curves are considered to be the beat estimates of cutoff time; note the good agreement with EC-2 experimen-

tal measurements. The presence of ambient surface waves may also help to explain the slow rate of pressure
dropoff In the DD-593 measurements. Surface reflection at certain positions must have taken place, locally,
at essentially glancing incidence thereby leading to a nonlinear overall effect. At any rate, the simplified
evaluation represented by the solid curves of Figures A. 11 and A.12 appeared sufficient for present purposes,
and the concept was used to compute surface cutoff times as a function of range In Figure 4.4.

A.3 BOTTOM REFLECTED SHOCK WAVE

As in the case of the direct wave, an effort was made to characterize the bottom-reflected shock wave
near the water surface. Once again because of the sparseness of measurements this effort was not confined,
except in aim, to the region near the water surface.

An intrinsic difficulty in treating sea bottom reflections arises from the fact that the reflected wave cannot

strictly be described as the Incident wave multiplied by a numerical factor, I.e., the bottom reflection co-
efficient; the pressure history of the reflected wave may well be distinctly different from that of the Incident
wave, and the degree of difference will depend upon the reflection angle. Nevertheless, it appears sufficient
for present purposes to introduce the term "bottom reflection coefficient" in the sense of the ratio of the
pressure jump, corresponding to the arrival of the first specular reflection ray, to that of the peak pressure
to be expected If the incident ray had been totally reflected. Certainly, the Ideal way to measure such re-
flection coefficients Is to measure the pressure history just before and after the incident ray Impinges upon

the bottom, i.e., measurements close to the bottom itself. The measurements secured In Shot Wahoo were
r,ot ideal; they were secured from deep gages only in the cases of the DD-593 and EC-2, and Insight into the
variation of the reflection coefficient with reflection angle could be gained only by utilizing additional measure-
ments made at shallow depths (less than or equal to 100 feet) at other ranges.

All available experimental results concerning specular reflection wave peak pressures are listed 4. T.abl
A.3. Short duration spikes were ignored in establishing a peak pressure in all cases where an actual pres-
sure history was available for study. In some cases, It was felt that the meaning of peak pressure was am-
biguous; because this ambiguity could well be associated with effects other than the bottom reflection process

itself, a corresponding pressure range Is noted in the table. At each of the gage locations at which readings
were secured, reflected-wave peak pressures were computed assuming a reflection coefficient equal to unity,

and the resulting values are also noted in Table A.3. These computations were carried out by machine,
utilizing ray path refraction theory in the manner described previously. The experimentally determined
bottom reflection coefficients, i.e., the ratio of the experimental to the computed peak pressures, are plotted
as a function of bottom reflection angle In Figure A.13; the bottom reflection angle was derived for each gage
location from appropriate bottom contour charts but can be estimated also from Figure A.8. The smooth
curve shown In Figure A.13 was faired through the experimental points so as tu define the reflection coefficient
as used in the present report, throughout the range of Interest. Also shown In Figure A.13, as a matter of
general interest, is the theoretical bottom reflection coefficient derived from plane wave harmonic acoustic

theory applied to an impervious bottom in accordance with the governing equation Indicated; a bottom sound
speed of 8,000 ft/sec was used and a bottom density chosen to match the experimental curve at normal inci-
dence. Although the difference between the experimental and theoretical curve is, of course, striking, there

is a limited region of agreement within about 15" of normal Incidence (6 -- 0). To the extent that this region
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of agreement is physically meaningful, the construction in Figure A.13 implies that thc specific density of
bottom material is about 1.05. However, it is tother hard to attach any physical significance to such a value
of density; in fact, it is clear that Wie assumption that the f-ttom is impervious is not a good one.

Experimental values of reflected wave surface cutoff times at the EC-2 were plotted as a function of depth
and are shown in Figure A.14. Cutoff times were also computed, again assuming that the effective water
surface was 5 feet below the average surface, and the resulting curve is shown In Fig-ure A.14. The corn-
parison between computed and measured cutoff times is not very good; the causes of this are unknown. 1low-
ever, the validity of the experimental measurements Is considered to be inadequately establiahed in this case;
no suitable recordings were available at the DD-593 position to shed any further light on this question. There-
fore, the computed values are considered to be the best estimate of cutoff times and the concept was used in
the main text (Figure 48).

A.4 BULK CAVITATION

Observations on bulk cavitation following the direct shock wave were made from a motion-picture camera
mounted on an RB-50 aircraft 22,000 feet above surface zero. The treatment of these observations Is described
below; the results have been incorporated in Section 4.1 of the main text.

The best of the films for observing bulk cavitation was film 51393, recorded at a nominal speed of 100
frames/see. When the film is projected at normal speed, a dark circle can be seen spreading out from sur-
face zero, visible out to about 4,000 feet. Within this dark circle a central portion shows a white aspect,
at first out to about a range of 1,300 feet from surface zero. Shortly thereafter an Irregular whitish ring
can be observed to run inward, from a radius about equal to the EC-2 range, to Join the central white disk.
Because this seemed to be associated with the bulk cavitation phenomenon closer investigation was undertaken.

The film unfortunately lacked timing marks and therefore the first step required was to calibrate It. This
was done by assuming that the dark circle was the slick created by the direct shock wave; arrival times of the
shock-wave front at the water surface had already been computed (Table A.1), and a distance scale was avail-
able based on the derived standoff of the midposltion of the EC-2.

It was now attempted to measure, on the film, the time at which the white ring was observed as a function
of horizontal distance from surface zero. Unfortunately, when the film was examined frame by frame, rather
than run on a projector, it proved difficult to make precise measurements of the inward-running whitish ring.
However, it was estiblished that between Frames 55 and 67 the radius of the white inner area could no longer
be distinguished from the diffuse white area left by the Inward-running whitish ring commencing at about 2,300
feet. This was shown In Figure 4.9 as an area delineating the phenomenon. Closer examination of the film
revealed a local white spot lying about 300 feet to the Inside of the EC-2 position, which could be traced from
frame to frame as It moved Inward. Since It seemed possible that this local white spot was also connected
with the bulk cavitation phenomenon a plot of its movement was also shown in Figure 4.9.
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TABLE A.1 COMPUTED DIRECT SHOCK
WAVE ARRIVAL TIMES

Hlorizoatal Distance Shock Wave
from Surface Zero Arrival Time

feet msec

0 82.3

500 122

2,000 388

4,000 780
9,000 1,774

15,000 2,960

TABLE A.2 REFLECTED WAVE A.RRIVAL TIME (SPECULAR REFLECTION)

Experimental Arrival Time
at Midships Computed Arrival

Line Horizontal Distance (with respect to (with respect Time with Respect
from Surface Zero direct shuck to detonation to Detonation Time

wave arrival time)

time)
degrees feet r.sec msec msac

29 2,360 (EC-2) 1,072 1,056

3,410 (YC-1) 455 * 1,115 1,113

120 18,450 (SSK-3) 300 t 3,960 3,920

155 15,150 (DD-728) 410 t 3,450 3,450

248 9,180 (DD-593) - 2,345 2,344

* Project 1.1. t Project 3.3.

TABLE A.3 SPECULARLY REFLECTED WAVE PEAK PRESSURES

Computed Peak
Horizontal Distance Gage Experimental Pressure Assuming

Array Time from Surface Zero Depth Peak Pressure Reflection Coefficient

Equal to Unity
degrees feet feet psi psi

29 2,300 22 125 732
22 1450 732

47 200* 732
300 188t? 756
825 226t 855

1,000 220t 894
1,875 337 t 1,138

3,400 90 185t 647

155 15,000 50 75 to 102t 212

100 71 to 95 t 212

248 9,080 400 60 to 1181 308

500 lilt 306
600 70$ 304
700 105t 302

800 120$ 299
900 66t 299

1,000 105$ 302

Project 3.4. t Project 1.1. 1 Project 1.5.
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Appendix B

DETAILED EVALUATION OF UNDERWATER PRESSURE PHENOMENA, SHOT UMBRELLA

An evaluation of available information concerning test conditions and underwater pressure phenomena was
carried out to establish a suitable framework for analysis of surface-ship response. Data was made avail-
able to UERD by Project 1.1 prior to publication of itb own analysis. The UERD conclusions have been sum-
marized in the main text; detailed justifications are presented below in those cases where this was fe!t
necessary.

B.i TEST CONCLUSIONS

Estimates of the ranges of the target ships were made based on measurements and calculations or shock
wave arrival times.

Direct shock wave arrival times measured by bottom gages (pressure gages and velocity meters attached
to the hull) along the EC-2, DD-474, and DD-592 centerlines are plotted as a function of distance from the
stern of each ship In Figures B.1 through B.3. The experimental points are connected by atrnight lines
denoted "centerline" 3o that arrival times can be derived at the midship locations (Frame 91 for the EC-2
and Frame 103%/4 for the DO's).

The arrival time of the direct shock wave front at various ranges along the water surface was computed
by estimating the correction to sound-signal arrival times In order to allow for the finite amplitude of the
shock wave; to employ this type of correction, experimental peak pressures (Section 6.1) were employed in
to a range of 500 feet. Since the experimental pressures appeared to approach values to be expected from
a burst of identical yield in free-water conditions, this assumption was utilized to extrapolate the experi-
mental pressures in to closer ranges. At each of a series of ranges the Instantaneous shock front velocity
was estimated, and arrival times were computed by numerically integrating these instantaneous shock front
speeds. The shock wave arrival times thus computed are presented as a function of horizontal range from
surface zero in Table B.1. These computational results, together with Figures B.1 to B.3, allow the mid-
ship positions of the key target ships to be located as shown in Table 6.1. Differences between these results
and those derived from the aerial photographic survey are considered slight.

The orientation, or heading, of the ships was also derived both from arrival-time measurements and
from the aerial-photographic survey. In the cases of ships attah-1-d side-on (EC-2 and DD-592) arrival-time
estimates were considered the more reliable and wvere used in Table 6.i of the main text; In other cases the
aerial photographic survey was used,

MIeasurements of the lagoon bottom precu-sor arrival timer .t the target ailp locations were complied
and are presented in Figure B.4; that these measurements are relatively more- r.,curnt•. Ib"- t:anj. for tho
shock front is indicated by the use of short lines rather than points. To orient the reader, shock wave
arrival times are also included, as a dashed line, in Figure B.4. Similar measurements of precursor
arrival times as a function of range were made by Project 1.1 (Reference 16); these are shown an a solid
line in Figure B.4. The degree of agreement between the two types of measurements is considered rnasonably
good, considering the inherent Inaccuracies.

An exi-aenely crude Interpretation of Figure B.4 can be made on the basis of assuming that sound speed
In the bottom material Is constant; this would suggest that sound speed in the bottom material is 9,300 ft/seec
(Reference 16). Such an estimate of sound speed is considerably higher than the corresponding estimate made
In Shot Wahoo, although no reason exists to suppose that sound speed in the upper layers of the bottom
materials in the two sites are Indeed so much different (Reference 26). No doubt, as suggested In Reference
16, the above crude interpretation is overly simplified for Shot Umbrella, and lower substrata of higher
sound speed are contributing to produce the higher average sound speed suggested by the measurements.

B.2 BULK CAVITATION

Observations on bulk cavitation were made from a motion-picture camera mounted on an RB-50 aircraft
25,000 feet above surface zero. The treatment of these observations is described below; the results have
been incorporated in Section 6.1 of the main text.
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The best of the films for observing bulk cavitation was Film 522o4 recorded at a nominal speed of j00

framessec. When the film is projected at normal speed, a dark circle can be seen aprea--ng out from

surface zero, visible out to about 3,000 feet. Within thin dark circle a central portio.n sqihows a white aspect,

at first out to a range of about 900 feet from surface zero. Shortly thereafter an irregular whitish r'iog,
originating about 1,700 feet from surface zero, runs inward and appears to join the central white disk.

Because this seemed clearly associated with the bulk cavitation phenomena, closer investigation was

undertaken.
Thp film. unfortunate'y, lacked timing marks and therefore the first step required was to calibrate it.

This was done by assuming that the dark circle was the slick created by the direct shock wave. Utilizing
the arrival times already computed for the shock wave front at the water surface and using a distance scale
based on the derived standoff of the midposition of the EC-2, the film was essentially calibrated; an extrapo-
lation had to be employed to complete the task. An effort was now made to use the film to measure the bulk
cavitation absolute reloading time as a function of horizontal distance from surface zero. Again, as in Shot
Wahoo, when the movie film was examined frame by frame, rather than run on a projector, it proved diffi-
cult te make precise measuremjite of th• inward-running whitish ring. However, a rough estimate was
derived, and this served to provide the information incorporated in Figure 6.7 of the main text.

TABLE B.1 COMPUTED SHOCK WAVE
ARRIVAL TIMES

Horizontal Range Arrival Time
feet msec

0 18.0
38 18.8

222 39.3
494 86.1
743 132.3

1,090 199.1

1,679 313.6
"1,'47 327.2

1,905 358.2
2,047 386.0
2,420 459.4
2,965 566.2
5,707 1,108.9

7,900 1,543.1
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Figure B.1 Experimental shock wave arrival times at keel, EC-2, Shot Umbrella.
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Defense Threat Reduction Agency
8725 John J Kingman Road MS 6201

Ft Belvoir, VA 22060-6201

TDANP/TRC March 2, 2001

MEMORANDUM TO THE DEFENSE TECHNICAL INFORMATION CENTER
ATTN: OCQ

SUBJECT: DOCUMENT UPDATES

The Defense Threat Reduction Agency Security Office has performed a classification/distribution
statement review of the following documents. The documents should be changed to read as follows:

WT-1628, AD-357954, OPERATION HARDTACK, PROJECT 3.4, LOADING AND
RESPONSE OF SURFACE-SHIP HULL STRUCTURES FROM UNDERWATER BURSTS,
UNCLASSIFIED, DISTRIUBTION STATEMENT A.

WT-1301, AD-341065, OPERATION REDWING, PROJECT 1.1, GROUND SURFACE AIR
BLAST PRESSURE VERSUS DISTANCE, UNCLASSIFIED, DISTRIBUTION STATEMENT A.

WT-748, OPERATION UPSHOT KNOTHOLE, PROJECT 5.1, ATOMIC WEAPON EFFECTS
ON AD TYPE AIRCRAFT IN FLIGHT. UNCLASSIFIED, DISTRIBUTION STATEMENT A.
FORWARD TO YOU FOR YOUR COLLECTION

WT-9001-SAN, GENERAL REPORT ON WEAPONS TESTS, UNCLASSIFIED,
DISTRIBUTION STATEMENT A. FORWARD TO YOU FOR YOUR COLLECTION.

POR-2260-SAN, OPERATION SUN BEAM, SHOTS LITTLE FELLER I AND 2, PROJECT
1.1, AIRBLAST PHENOMENA FROM SMALL YIELD DEVICES, SANITIZED VERSION.
UNCLASSIFIED, DISTRIBUTION STATEMENT A. FORWARD TO YOU FOR YOUR
COLLECTION.

If you have any questions, please call me at 703-325-1034.

ARDITH JARRETT
Chief, Technical Resource Center


